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CHAPTER I. OBJECTIVES AND SCOPE 
Objectives 
In the fall of 1962, the Edison Electric Institute entered into a cooperative agreement 
with the University of Illinois in order to perform a residential electric comfort 
heating investigation. It was agreed that the testing program would be conducted in a 
tri-level Research Residence in Champaign, Illinois, and would extend over a period 
of two heating seasons (1962-63 and 1963-64). The objectives of the investigation were 
as follows: 
A. To evaluate the comfort provided by various types of electric heating systems and 
modifications thereof. 
B. To evaluate the comparative energy consumption of various types of electric 
heating systems and modifications thereof. 
C. To evaluate the performance of electric heating systems for certain special 
studies under specified conditions. 
D. To study the natural infiltration and moisture levels occurring in the Residence 
when heated electrically. 
E. To study the effects of extraneous heat gains (occupancy, solar, etc. ) . 
F. To study and compare the overall operating efficiencies of electrical radiant 
and convective systems. 
G. To study the architectural and construction requirements for comfort electric 
heating. 
Scope 
A. The systems studied were: 
1. Baseboard system 
2. Ceiling panel systems 
a. High-density output panel system (system composed of glass 
panels, each two by four feet in size). 
b. Low-density output panel system (ceiling cable system). 
3. Ducted Systems* 
a. Duct heater system 
b. Central electric furnace system 
*Ducted systems were studied in a previous research program. Pertinent results 
of the previous study are included in this report. 
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c. Heat pump system 
B. The following system modifications were studied: 
1. The use of 1, 050-watt floor-insert heaters placed immediately in front 
of the sliding glass doors in the dining room. When this was done, the 
installed system capacity within the room was reduced by 1, 000 watts. 
2. The use of several types of thermostatic control. 
3. The use of crawl-space heating. 
C. The following special studies were conducted: 
1. Individual room temperature control (room thermostats set to control 
at different temperatures). 
2. Warm-up rate of the Residence. 
3. The effects of over-capacity of room units. 
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CHAPTER II. SUMMARY AND CONCLUSIONS 
From the electric heating investigation conducted in the Research Residence during 
the 1962-63 and 1963-64 heating seasons, the following conclusions can be drawn 
relative to the three basic systems studied (baseboard, high-density glass ceiling 
panels, low-density ceiling cable), and modifications thereof. 
Space Comfort 
Cyclic Temperature Variation. Cyclic temperature variations were affected more 
by the type of control used than by the heating system. The best control was achieved 
with the remote low-voltage thermostats equipped with adjustable anticipation, while 
the least desirable control was obtained with the unit-mounted line-voltage thermostats. 
All systems controlled with low-voltage thermostats exhibited cyclic temperature 
variations of lF or less. The baseboard system, when controlled by the unit-mounted 
line-voltage thermostat, exhibited a cyclic variation in excess of 2F. 
Vertical Temperature Gradients. The living room vertical temperature gradients, 
measured between the 4-inch and 92-inch level at the center of the room, were 
comparable for all three systems (baseboard, high-density panel, low-density pane 1) 
during severe weather (indoor-outdoor temperature difference of 7 OF). The measured 
gradients were within the range of 1 to 2F per 15F indoor-outdoor temperature dif-
ference (i.e. , between 4. 67 and 9. 33F at an indoor-outdoor temperature difference of 
70F). The gradients in the bedrooms were somewhat less at the same conditions, fal-
ling within the range of 0 to 2F per 15F indoor-outdoor temperature difference. 
At milder conditions (indoor-outdoor temperature difference of 4 OF), the base-
board and ceiling cable systems produced gradients of greater than 2F per 15F indoor-
outdoor temperature difference. The use of crawl-space heating in connection with 
the baseboard system reduced the gradient to within the range of 1 to 2F per 15F 
indoor-outdoor temperature difference. 
Reports of previously conducted tests on ducted systems indicate that the vertical 
temperature gradients did not exceed 1F per 15F indoor-outdoor temperature difference; 
however, these tests were conducted with the crawl space heated and with the blower 
operating continuously. 
The vertical temperature did not appear to be influenced by the addition of the 
floor-insert heaters. Rather, it appeared that the systems which warmed the floor 
more effectively were likely to produce less floor to ceiling differential. 
Horizontal Temperature Distribution. All of the system investigated met the criterion 
of not having a temperature variation in excess of 2F at the 3 0-inch level (measured 
in the occupied zone, which excludes the space within two feet of an outside wall). 
Ankle-Level Comfort. Ankle-level comfort, a composite measure of air temperature 
and velocity at the 4-inch level, was greatly influenced by the use of floor-insert 
heaters immediately in front of the sliding glass doors in the dining room. The 
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heaters, when used with the baseboard system and with the high-density glass-panel 
system, reduced the percentage of possible discomfort complaints by reducing the 
flow of cool air originating at the sliding glass doors and passing into the dining room. 
Efficiency of Performance 
Energy Consumption. Upon the basis of statistical analysis, the total energy consump-
tion of the three basic systems proved to be equal. The introduction of heat to the 
craw1 space resulted in a 10.3 percent increase in the total energy consumption. 
Ho¥ ever, the ,, ertical temperature gradient of the middle level was improved and the 
floor surface temperature of the middle level was increased approximately 5F when 
the crawl space was heated. 
A comparison of t tal energy 1 equirements for the house, both with and without 
solar radiation present, indicated that over a 24-hour period, and therefore over an 
entire season, the contribution of solar energy was negligible. 
Using the measured energy consumption and the calculated heat loss based on 
8 OF ~ emperature difference and a 15 mph TNind, the calculation for C in the NEMA 
equation resulted in a factor of 20.4 for this house. 
IndiVidual Room Control 
When room doors were left open, it was impossible to maintain a 5F differential 
between adjacent rooms on the upper level. The heating units in the rooms set to 
maintain the higher temperatures operated continuously when the outdoor temperature 
was below 30F while no unit operation was required in the rooms set to maintain the 
lower temperatures. When the rooms were isolated by closed doors, it was possible 
to maintai~ the desired 5F temperature differential. 
Resi.dence Warm-up Rate 
Approximately seven hours of continuous operation was required to raise the tempera-
ture of the Residence from 45F to 75F when the outdoor temperature was about 40F. 
The low-density ceiling-cable panel was used for this study, and neither the gypsum 
drywall nor plaster was damaged by the large temperature increase resulting from the 
prolonged period of operation. The panels were not rigidly constricted by the room 
walls . but were installed in a small metal channel which provided for some expansion. 
Over- Capacity of Room Units 
A test, for which the installed heating capacity within a room was doubled, showed that 
undesirable cyclic temperature variations occur with over-capacity installations. The 
cyclic temperature variation at the 3 0-inch level was increased from 1F to 3 F by 
doubling the Installed capacity. 
Infiltration and Humidity Studies 
No special tests were conducted to determine the infiltration rate of the Residence 
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during this investigation. However, an analysis of infiltration data taken just prior 
to this investigation indicated that the infiltration rate at design conditions (indoor-
outdoor temperature difference= 80F, wind speed= 15 mph) was 1. 33 air changes per 
hour. This infiltration rate is considerably higher than the rate of one-half to three-
fourths of an air change per hour usually used in estimating the heat loss of an elec-
trically heated home. 
Controlled mechanical humidification was not employed during this investigation; 
however, humidity levels were recorded and compared to similar records kept during 
previous investigations in the Residence and it was found that results were substantially 
the same. This was attributed to the high infiltration rate, which was apparently suf-
ficient to mask any difference in moisture liberation that may have existed between 
the heating seasons compared, even though the lmown moisture releases in the Resi-
dence were less during this investigation than those conducted previously. 
Control Temperature Droop 
A study of control temperature performance revealed that control temperature droop 
was characteristic of all the thermostats studied. The remote low-voltage thermo-
stats provided with adjustable anticipation exhibited the least amount of droop. The 
droop characteristics of these thermostats are such that on colder days upward ad-
justments of the thermostat settings are necessary to maintain the temperature level 
desired. 
Heating Rooms with Large Sliding Glass Doors 
Large sliding glass doors are being used with increasing frequency in residential 
construction. The high infiltration rates of these doors, along with the large heat 
losses of the glass area, create a serious heating problem. Data collected on room 
temperatures and air motion distribution during the two heating seasons indicated 
that the installation of floor-insert heaters immediately in front of the door gave 
better results than any other method tried. 
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CHAPTER III. TEST FACILITIES 
The Research Residence 
The Electric Heating Research Residence (Figure 3-1) was a three-level structure 
of frame and masonry construction. The room orientations are shown on the floor 
plan in Figure 3-2. 
The exposed walls on the lower level were of concrete block construction. These 
walls were "furred out" with 2 x 4 studs, insulated with 3-inch thickness of batt-type 
glass fiber insulation with integral vapor barrier, and finished with 1/ 4-inch interior 
wood paneling. The windows In the family room were awning type, weather-stripped 
and equipped with storm sash. The hollow-core wood exterior door ~.vas equipped with 
a storm door and weather-stripping. 
The concrete floor of the lower level was at grade in the front of the Residence 
and was approximately three feet below grade at the rear. This floor was about four 
inches thick and was insulated with l-inch rigid, waterproof edge-insulation around 
its periphery as well as between the normally unheated garage area and the remainder 
of the lower level. 
The walls between the garage area and the remainder of the lower leve 1 were of 
typical interior partition-wall construction, consisting of 2 x 4 framing covered on 
both sides with 1/2-inch foil-backed gypsum board. These walls were insulated with 
a 2-inch glass fiber batt with vapor barrier attached. The door between the instru-
mentation room and the garage was weather-stripped. 
The ceiling of the entire lower level, including the garage, was covered with 
1/ 4-inch plywood panels. 
A crawl space approximately three feet deep, extended beneath the entire middle 
level of the Residence. The exterior walls of this crawl space were two-thirds below 
grade and were insulated with 2-inch expanded polystyrene boards. The earth floor 
of this area was covered with a polyethylene ground sheet. 
The middle-level exposed wall section was of typical frame construction, consist-
ing of cedar-shake siding, 15/32-inch insulating sheathing on 2 x 4 studs, 2-inch batt-
type glass fiber insulation with vapor barrier attached, and a 1/2-inch foil-backed 
gypsum board on the interior. The kitchen windows were casement type, while the 
remaining windows on this level were of the horizontal sliding type. All the windows 
were weather-stripped and provided with storm sash. Weather-stripped sliding glass 
doors, which had fixed double glazing, were installed in the north wall of the dining 
room. 
The upper-level exposed wall section was the same as that of the middle level. 
The windows were double-hung 1n all rooms except the bathrooms, which were pro-
vided with casement windows. All double-hung windows were equipped with separate 
storm sash. The storm sashes were fastened directly to the casement windows. The 
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Figure 3-1. Electric Heating Research Residence 
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windows were weather-stripped. 
During the 1962-63 heating season, the ceilings of both the upper and the middle 
levels consibted of 1/2-inch foil-backed gypsum board on 2 x 6 ceiling joists. Glass 
fiber blanket insulation, with vapor barrier attached, of 6-inch and 7 -inch thicknesses 
was applied to the middle- and upper-level ceilings, respectively. 
During the 1963-64 heating season, the low-density ceiling panels were installed. 
This added a 3/ 8-inch layer of gypsum board to the ceiling in most rooms on the upper 
and middle levels, as described in the section on low-density panels. 
Fixed open vents, having a total free area exceeding FHA minimum requirements, 
were installed in the soffits of the middle- and upper-level attics. 
The floor of the middle and upper level consisted of 25/32-inch oak finish floor 
and 3/ 4-inch wood subfloor on 2 x 10 joists. These floors were all uninsulated, with 
the exception of the floor above the garage, which had 2-inch glass fiber batts with 
integral vapor barrier . 
Equipment 
An 8 0-gallon electric water heater with a 4. 5 kilowatt input was installed in the 
mechanical room. A refrigerator, operating as an ice source for the thermocouple 
cold junction, was located in the unheated garage. Range, washer, and dryer were 
dis connected. 
Heat Loss 
The heated space normally consisted of all rooms on the upper and middle levels and 
the family room, bath, and instrument room on the lower level. The total calculated 
heat loss of the house was 64, 915 Btuh based upon an indoor-outdoor temperature 
difference of 8 OF. This heat loss was calculated using the method described in the 
National Warm Air Heating and Air Conditioning Association's Manual J, which 
specifies the use of the crack method for calculating infiltration losses. This method 
for calculating the heat loss was used because the house had previously been used for 
warm air research, and it was desirable to be able to compare the findings of this 
study with those of previous studies. Expressed in terms of air changes, the infiltra-
tion loss was equivalent to 7/8 air change per hour. The calculated infiltration loss 
accounted for 20,400 Btuh, or approximately 30 percent of the total calculated heat 
loss of the dwelling. This is typical of the percent heat loss due to air leakage in 
well-insulated homes. A summary of heat losses of the Residence is shown in Table 
3-1. 
The total floor area of this Residence was approximately 2,400 square feet, of 
which approximately 2, 100 square feet was heated during this investigation. Thus the 
heat loss per unit floor area was slightly less than 31 Btuh per square feet. This 
value was below the recomme~ded maximum value of 32.4 Btuh in the "NEMA Manual 
for Electric Comfort Heating" for a house having an average of 6, 001 to 7, 000 degree-
days per heating season. 
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Table 3-1 - Residence Heat Loss 
Heat Loss 
(Etuh)* 
Lower level 
Family room 12,401 
Instrument room 6,212 
Bath 654 
Lower level total 19,267 
Middle level 
Entry 3,189 
Living room !1,819 
Dining room 6,446 
Kitchen 4, 704 
Middle level total 20, 158 
Upper level 
Southeast bedroo1n 5, 079 
Southwest bedroom 4,209 
Northwest bedroom 3,615 
Northeast bedroom 3, 807 
North bath 1,525 
South bath 1,457 
Hall 586 
Upper level total 20,278 
Crawl space 
Crawl space total 5,212 
House total 64,915 
*Based on an 8 OF indoor-outdoor temperature difference and a 15 mph wind. 
Infiltration losses were calculated on the basis of crackage. Expressed in 
terms of air changes, this was equivalent to 7/8 air change per hour. 
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Infiltration 
During the 1960-61 heating season, the Research Residence was use~ to conduct infil-
tration tests as part of a special investigation. In a previous report , results are 
·iven for tests With an electric furnace, and with a gas furnace. 
A re-analysis of the experimental data collected in the electric furnace tests 
w1th the crawl space heated (see Table 3-2} _, indicate that ~he infiltration rate of the 
Research Residence can be estimated by the empirically derived formula: 
I =-.C40 + 0. 1121 ~ T + 0~ 601W 
where I= infiltration rate in air changes per hour 
~ T = mdoor-outdoor temperature difference in degrees F 
W = wind speed in m.p.h. 
(3-1) 
Accordingly, at design conditions, the infiltration rate is 1 1/3 air changes per 
hour , which is equivalent to an infiltration heat loss of 32,610 Btuh. The infiltration 
loss determined by calculation was 20,400 Btuh, equivalent to 7/8 air change per hour. 
It can be seen tbat the actual infiltration loss was high~r than that indicated by calcula-
tion. This was also noted in the previous publication. 
The additional infiltration entailed in the use of fossil-fuel-fired heating equipment, 
as compared to electrical heating where no chimney is required, has been a subject of 
much interest. In a statistical analysis of the data mentioned previously, it was deter-
mined that the use of gas as a fuel (rather than electricity) resultedin an increase in 
the infiltration rate of between 0. 14 and 0. 16 air changes per hour. These results 
were also checked by measuring the air passing through the gas diverter and up the 
gas vent (approximately 2, 000 cubic feet per hour) and adding to this volume the amount 
of air calculated as necessary for combustion (1, 320 cubic feet per hour). Expressed 
1n air changes, this amounted to 0. 19 air change per hour, which is in good agreement 
with the observations made previously. It was observed that this air leakage occurred 
principally on the lower level where the gas furnace was located. 
Instrumentation 
Temperatures at approximately 5 00 locations throughout the Residence could be 
measured at a central station in the instrument room by means of copper-constantan 
thermocouples. The thermocouples for mmsuring air temperatures were located in 
the rooms at four levels above the floor, in the attics and crawl space, and in the 
outdoor weather station, Other thermocouples were attached to the interior and exte-
rior wall surfaces, to the roof and ceiling surfaces, and to the floor surface. Thermo-
couples were also located in the ground around and beneath the house. These thermo-
couples were connected ~. through suitable switches, to an electronic indicating 
potentiometer which could measure temperatures to within 0. 2F. Three electronic 
-·ecording potentiometers were also available which permitted the temperatures at 
24 locations to be recorded continuously. 
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In addition to the thermocouples, eight heat-flow meters were located between 
the insulation and finished ceiling and in the interior surfaces of exterior walls. The 
output of these meters were measured with a potentiometer. The magnitude of this 
output was proportional to the heat flow (Btuh per square feet), and the sign ( + or -) 
indicated the direction of heat flow. 
Table 3-2 - Infiltration Data & Results: 1960-61 Heating Season 
Infiltration Rate 
Air Changes Per Hour 
Test In-Out Wind Measured Predicted* 
No. /:::,. T Speed 
61 62.9 0. 0 0.52 0.22 
62 71.2 12.5 1. 01 1. 07 
63 61. 0 6.5 0.54 0.59 
64 46.7 6.8 0.47 0.43 
65 38.4 15.4 0.61 0.85 
66 37.5 10. 0 0.61 0. 51 
67 35.1 11.3 0.47 0.56 
68 38.5 7.8 o. 20 0.39 
69 28.6 14.7 0. 70 0.69 
70 30.4 7.6 0.35 0.28 
71 35.7 8.0 0.33 0.37 
72 26.5 19.0 1. 60 0.92 
73 38.0 12.0 0.45 0.64 
74 17.1 15.4 0.55 0.59 
75 29.6 16.7 0.54 0.82 
76 31.9 12.6 0.64 0. 60 
77 34.4 9.2 o. 50 0.43 
78 29.0 13.5 0.67 0.62 
79 29.9 8.8 0.24 0.35 
80 33.0 7.2 0.23 0.29 
*The predicted values were obtained by use of equation 3-1. 
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Operation recorders and kilowatt-hour electric meters were available in 
sufficient number to record the cyclic operation and electrical energy consumption 
of each component of the heating system. The total energy consumption of the com-
plete heating system was recorded continuously by a kilowatt recorder. 
Since variations in weather are important, instruments capable of measuring 
significant weather variab1es were provided. By means of a pyrheliometer and 
recorder, a record was maintained of the amount of solar energy received on a 
horizontal surface. A cup-type anemometer and recorder were used to obtain 
records of wind speed. The wind direction was indicated in the instrument room, 
but was not recorded continuously. 
In addition to the above instruments, various portable measuring devices were 
also used. 
Method of Operation 
The following methods of operation were employed under normal operating conditions: 
A. Thermostat Setting. The room thermostats were adjusted to maintain the 
average temperature at the 60-inch level within the living area of the room 
at 75F. Observations were made of the room cyclic temperature variations 
occurring when the outdoor temperature was approximately 3 OF, and thermostat 
adjL stments were made until a mean temperature of 75F was obtained. 
B. Interior Doors. The interior doors between all heated rooms on all levels were 
left open throughout the entire investigation, except for an individual-room 
temperature control study. 
C. Humidification. The relative humidity was not controlled and no humidifier 
was used in conjunction with any of the systems tested. However, continuous 
daily records of the humidity were kept for each level of the Residence. 
D. Ventilation. No outside air was introduced into the Residence by mechanical 
means 
E. House Occupancy. The house was not occupied by a family, but served as a 
rooming house for two students. All range, washer, and dryer circuits were 
disconnected to eliminate extraneous sources of heat and humidity. 
Data Collected 
A. Daily Readings 
1. Air and Surface Temperatures: A complete set of indoor and outdoor air 
and surface temperature readings were taken at 7 :3 0 a.m. , CST, every day. 
In addition, temperature readings were taken at select locations throughout 
the residence at 11:30 a.m., 4:30p.m., and 9:30p.m., CST. Twenty-four 
of these temperatures, as listed below, were recorded continuously on three 
electronic temperature recorders. 
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a. Outdoor dry-bulb temperature in weather station 
b. Southeast bedroom, air temperature 60-in. above the floor 
c. Southwest bedroom, air temperature 60-in. above the floor 
d. Northwest bedroom, air temperature 6 0-in. above the floor 
e. Northeast bedroom, air temperature 60-in. above the floor 
f. Living room, air temperature 60-in. above the floor 
g. Dining room, air temperature 60-in. above the floor 
h. Kitchen, air temperature 60-in. above the floor 
i. Family room, air temperature 60-in. above the floor 
j. Crawl space, air temperature 12-in. below the joists 
k. Upper-level attic air temperature 
1. Middle-level attic air temperature 
m. Northeast bedroom, ceiling surface temperature 
n. Living room, ceiling surface temperature 
o. Southeast bedroom, floor surface temperature 
p. Northeast bedroom, floor surface temperature 
q. Living room, floor surface temperature 
r. Family room, floor surface temperature 
s. "Black bulb" temperature in living room 
t. Shielded (radiation) air temperature in living room 
u. Ceiling surface temperature above ceiling panel heater 
v. Surface temperature of ceiling panel heater 
w. Discharge air temperature from living room baseboard heater 
x. Interior-wall surface temperature 2-in. above living room baseboard 
heater 
2. Heat Flow Meters: Measurements of the rate of heat flow through various 
exterior components of the Residence were taken four times daily at the 
same times the temperatures were recorded. These heat flow meters were 
installed in the following locations: 
a. In the ceilings of the upper and middle levels 
b. In the frame walls on the east and west sides of the upper level 
c. In the frame wall on the west side of the middle level 
d. On the east masonry wall (above grade) of the family room on the 
lower level 
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e. On the middle-level floor 
3. Relative Humidity: The relative humidity was recorded continuously 
at four locations in the residence as well as in the outdoor weather 
station. 
4. Electrical Energy Consumption: The energy input to each individual 
component of the heating system, as well as that used for lighting and 
instruments, was manually recorded four times daily at the same times 
the temperatures were recorded. The total energy consumption of the 
heating system was recorded continuously on a kilowatt recorder. 
5. Cyclic Operation of Equipment: The number and duration of heating cycles 
of each component of the heating system was recorded continuously on two 
operation recorders. 
6. Solar Intensity: The magnitude of the solar intensity striking the house on 
a horizontal plane was recorded continuously throughout the heating season. 
7. Wind Velocity: The wind speed was recorded continuously throughout the 
entire heating season. The wind direction was recorded periodically each 
day. 
Not all of the data collected are used in this report. 
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CHAPTER IV. DESIGNATIONS AND DEFINITIONS 
During the 1962-63 and 1963-64 heating seasons. three basic systems were investi-
gated. Each of these systems was controlled by different types of thermostats and 
also modified somewhat during the investigation period. Because of the number of 
series conducted (12 in all), a method of identification was devised. The method 
consisted of first identifying the basic system, then the type of thermostatic control, 
and finally special features, if any, which the series possessed. 
The designations used for systems, thermostats, and special features are as 
follows: 
Systems 
1 Baseboard 
2 High-density ceiling panel (2- x 4-foot glass panels) 
3 Low-density ceiling panel (cable) 
Thermostats 
LO Remote low-voltage thermostat 
LN Remote line-voltage thermostat 
BB Baseboard-mounted line-voltage thermostat 
Special Features 
IRT 1 
IRT 2 
F 
c 
Individual (non-uniform) room temperature, doors open 
Individual (non-uniform) room temperature, doors closed 
Floor-insert heaters in dining room 
Crawl space heated 
For example, in the series designation 
1-LO-IRT 1 
the first designation, 1, refers to the basic baseboard system. The second designation, 
LO, refers to remote, low-voltage thermostat control. IRT 1 refers to non-uniform 
temperatures maintained within the house with all room doors open. Thus, the com-
plete designation indicates a baseboard system controlled by low-voltage thermostats 
used in a series in which non-uniform temperature control was attempted with room 
doors open. 
COMFORT EVALUATION PROCEDURES AND DEFINITIONS 
Cyclic Temperature Variations. The periodic or cyclic temperature variation which 
occurs within a living area can be used as one of the comfort conditions produced by a 
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heating system. Large temperature fluctuations make the occupant aware of the 
cyclic operation of the system and produce periods of warmth or coolness. Conse-
quently, it is desirable to minimize temperature fluctuations in order to minimize 
the occupant's awareness of the heating system operation. 
Throughout the remairnng discussion of cyclic temperature variation, use will 
be made of the criterion advanced by Table 4-1 in order to rate the various systems 
studied during the 1962-63 and 196~-64 heating seasons. This criterion was suggested 
and used In a previous publication. 
Table 4-1- System Ratings Based on Cyclic Temperature 
Variations Within the Living Zone 
Temperature Variation, 
degrees F 
0- 1 
1- 2 
greater than 2 
System Rating 
A 
B 
c 
In < hese analyses, the time rate of change in temperature will be ignored and it 
will be assumed that only the overall temperature variation is of consequence. 
Information concerning cyclic temperature variations within the Research 
Residence was obtained by conducting special studies during evenings when the outdoor 
dry-bulb temperature was in the 30F to 40F range. The studies were conducted at 
these conditions in order to eliminate the effects of solar radiation and to obtain the 
data at a temperature close to the average winter temperature occurring in Champaign. 
Prior to and during the test period, lights were turned off and activity was held to a 
minimum in the rooms undergoing observation. During the test period, the output 
from thermocouples used to measure air temperatures at various elevations within the 
~'ooms were read and their values recorded at 30-second intervals. The minimum dura-
tion of a special test period was one hour. After having obtained sufficient data to 
ascertain periodic operation, the data were reduced to establish an average cycle. 
Vertical Temperature Gradients 
The vertical temperature gradient in the living area of a residence is another measure 
of the comfort conditions produced by a heating system. If this temperature gradient 
becomes too large, it becomes noticeable by the occupants and may cause discomfort. 
It is therefore desirable to keep the vertical gradient at a minimum. 
The vertical temperature gradient is a measure of the average air temperature 
difference between two levels in a room. In this investigation, air temperatures were 
measured and compared at the 92-inch, 60-inch, 30-inch, and 4-inch levels above the 
floor. 
Throughout the remaining discussion of vertical temperature gradients, use will 
be made of the criterion advanced by Table 4-2 in order to compare the va:fious systems 
studied. This criterion was suggested and used in a previous publication. 
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Table 4-2 - System Ratings Based on Vertical Temperature 
Gradients Within the Living Zone 
Temperature variation between 
92-in. and 4-in. levels in degrees 
F per 15 degrees indoor-outdoor 
temperature difference 
0- lF 
1- 2F 
2F and above 
System Rating 
A 
B 
c 
Vertical temperature gradients within the Research Residence were obtained 
from the daily data using the average air temperature obtained at each of the levels 
from the four daily readings. 
Room Air Temperature and Motion Distribution 
Another evaluation of the performance of a heating system may be made by studying 
the pattern of air temperature and air motion produced by the system. To obtain 
data on these characteristics, six detailed studies --one for each of the three basic 
systems and one for each of the system modified with floor-insert heaters or crawl-
space heaters--were made. Tests were made at night so that solar effects would not 
be a factor. Temperatures were measured by means of a portable thermocouple 
standard at four levels (4-inch, 3 0-inch, 60-inch, and 92-inch) on a one-foot grid 
throughout the living-dining room. Air motion measurements were made by means 
of a hot-wire anemometer at the 4-inch level on the same grid. The results of the 
temperature measurements are shown as isotherms on plan drawings in Chapters V 
through VIII. 
Horizontal Gradient Standard 
No horizontal gradient comfort standard has been uniformly accepted by the heating 
industry, but one criterion that has been suggested includes the stipulation that the 
horizontal dry-bulb temperature gradient at the 3 0-inch level in the occupied area 
shall not exceed 2F. In this instance, the occupied area is defined as the area bounded 
by the interior walls and a line drawn two feet inside the inside surface of the exterior 
walls. This suggested standard has been used to evaluate the temperatures recorded 
in the studies of the various systems. 
Ankle- Level Comfort 
Another measure of comfort that has been established b4 the American Society of 
Heating, Refrigerating, and Air Conditioning Engineers is based on a correlation of 
temperatur es and air movement at the 4-inch level. 
The information, which is presented in graphic form, is tabulated below. 
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Only 10 percent of the people will experience discomfort if the velocity-
temperature conditions exceed the following limits: 
Velocity 
above 35 fpm 
above 25 fpm 
above 15 fpm 
Temperature 
below 72 
below 71 
below 70 
2 0 percent of the people will experience discomfort if the velocity-temperature 
conditions exceed the following limits: 
Velocity 
above 70 fpm 
above 50 fpm 
above 35 fpm 
Temperature 
below 72 
below 71 
below 70 
3 0 percent of the people will experience discomfort if the velocity of air at 
69F is above 30 fpm. 
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CHAPTER V. SYSTEM 1-- BASEBOARD HEATERS 
This system consisted of commercially available 240-volt electric baseboard 
heaters of three- and six-foot lengths, having heating capacities of 1, 707 and 3,413 
Btuh (500 and 1, 000 watts) respectively. These units had finned exchanger surfaces 
and came equipped with built-in thermal cutouts. The units were installed either 
singly or in combination so as to match, as nearly as possible, the heat loss of the 
spaces they were to serve. Table 5- l shows the calculated heat loss and the installed 
baseboard heater capacity for each room of the Residence. 
The eight series run with this system were as follows: 
Series 1- I.D. 
Series 1- LN. 
Series 1-LO-C. 
Series 1-LO-F. 
Series 1-LN-F. 
Series 1-BB-F. 
Series 1-LO-IRT 1. 
For this series the baseboard units wer e controlled by low-
voltage thermostats. These thermostats were the mercury-
switch type with adjustable anticipation. All thermostats 
were set to n1aintain a temperature of 75F at 60 inches above 
the floor. The baseboard and thermostat locations for this 
series are given in Figure 5-1, and a typical baseboard unit is 
shown in Figure 5-2. The garage and crawl space were un-
heated. 
Same as 1- , except remote line-voltage thermostats were 
used for control. These thermostats had a bi-metal switch and 
fixed anticipation. The baseboard and thermostat locations 
were the same as those given in Figure 5-1 for Series 1-LO. 
Same as serjes 1-LO, except the crawl space was heated with 
a forced-air resistance heater. The temperature in the crawl 
space was maintained at 75F by a thermostat located 17 inches 
below the middle-level floor. (Since the crawl space was approx-
imately three feet high, this represented the mid-height of the 
crawl space). 
Same as series 1-LO, except floor-insert heaters were used in 
the dining room. These floor-insert heaters consisted of three 
350-watt heaters placed in the floor immediately in front of the 
sliding glass doors. The 1, 050 watt output of the insert heaters 
was used in lieu of 1, 000 watts of baseboard heating. 
Same as 1-LO-F, except remote line-voltage thermostats were 
used. These thermostats were the same as those in series 
1-LN. 
Same as 1-LO-F, except baseboard-mounted line-voltage thermo-
stats were used. These thermostats were the bi-metal switch 
type and had no anticipation. The baseboard and thermostat 
locations for this series are given in Figure 5-3. 
Same as series 1-LO on the lower and middle levels. On the 
upper level the thermostats in the northwest bedroom and 
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northeast bedroom were set at 7 OF. The thermostats in the 
baths were both set at 8 OF. The hall, southeast bedroom and 
southwest bedroom wer e left at 7 5F. All doors between rooms 
were left open. 
Same as I-LO-IRT I , except all doors between rooms on upper 
level were kept closed . 
Cycl:f> Tt.rr.perature Var:atio s 'n L iVIng-Dimng Room. (For explanation of evaluation 
pr ')'J :l':lur e and rating, s .:;e Chapter IV. ) Figure 5-4 depicts the cyclic variation obtained 
1r h~ lLTing-d' ning room area. when this area was heated with a baseboard heater system 
cv-r ro1l 1 by a remote low-voltage ther mostat. Supplementary heaters located below 
tl e hJ1ng doors in the dining room were also in operation when these cy··lic variations 
we ~ ob ained (ser ~ es I-LO-F) The data were obtained when the outdoor dry-bulb 
te perature ·a · 35F. 
Since the occup1ed zone was •-·sFumed to be between the 4-inch and 60-inch level., 
t l'::> bystem was given an nA" cychc performance rating. Temperature variations of 
0rly 0. IF, 0 3F, 0 -~ F and 0. 4F exi>:.ted at the 4-inch Jevel, 30-inch level, 60-inch level, 
·.1.nJ _hermo tat, respectively. The 92-inch level exhibited a cyclic temperature varia-
·C'n of 2 3F . However , since this level was well above what is ordinarily considered 
q · the upper level of the occupied zone, the temperature variation shown was not con-
bide red as hav1ng an a .:'verse effect on comfort. 
The average cychc variation experienced in the living room for series I-LO-C 
v1th crawl space heated) is also shown in Figure 5-4. The outdoor temperature 
averaged 45. SF during the test. The cyclic variations obtained at the 4-inch level, 
30-inch leve l , 60-inch level, 92-inch level ~ and at the thermostat were 0. 5F, 0. 3F, 
0. 5F, 1. 3F and 0. 2F, respectively. The cyclic performance was thus given a rating of 
I A". 
The average cyclic variations experienced in the living-dining room area for series 
· - LN-F (baseboard system operated with floor-insert heaters and controlled by a 
r emote rine thermostat) are g1ven in Figure 5-5. These variations were obtained at 
an outdoor dry-bulb temperature of 35F , From the standpoint of comfort, this 
system · uld be given a 1 B" rating. Temperature variations of 1. OF, 1. IF, 2. OF, and 
1. 2F we ·e experienced at the 4-inch level, 3 0-inch level, 60-inch level, and thermostat, 
respect! ely, while a variation of 2. 9F was experienced at the 92-inch level. 
The d1fference between the cyclic temperature ratings for series I- LO- F and 
~::~er1es I .~ N-F can be attributed to ihe different thermostats employed. The low-
voltage thermostat of series I-LO-F was equipped with an adjustable anticipator which 
~errnitted an adjustment in cycle length to be made. Such an adjustment, when 
pr operly made, provides for a m1nimum cyclic temperature variation at the thermo-
stat. The line-voltage thermostat used with series I-LN-F did not possess the fea-
1:t. re of adJustable anticipation. Thus, the superior operating characteristics of the 
Iow-voliage thermostat were reflected in the performance of series I - LO-F. 
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Table 5-1 - Residence Heat Loss and Baseboard 
Installed Capacities in Btuh 
Heat* Installed Load# 
Loss Capacity Ratio 
Lower level 
Family room 12,401 11,946 0.96 
Instrument room 6,212 6,826 1.10 
Bath 654 12 707 2.61 
Lower level total 19,267 20,479 1. 06 
Middle level 
Entry 3, 189 3, 413 1. 07 
Living room 5,819 6,826 1.17 
Dining room 6,446 6,826 1. 06 
Kitchen 42 704 5 2 120 1. 09 
Middle level total 20, 158 22,185 1. 10 
UEper level 
Southeast bedroom 5, 079 5,120 1. 01 
Southwest bedroom 4,209 5,120 1. 22 
Northwest bedroom 3,615 3,413 0.94 
Northeast bedroom 3,807 5, 120 1. 34 
North bath 1,525 1, 707 1.12 
South bath 1,457 1, 707 1.17 
Hall 586 1 2 707 2.91 
Upper level total 20,278 23,894 1. 18 
Crawl space 5,212 6,826 1. 31 
House total 64,915 73,384 1.13 
*Based on an 80F indoor-outdoor temperature difference and a 15 mph wind. 
#The load ratio is the capacity of the room heaters divided by the calculated 
room heat loss. 
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The average cyclic variations experienced in the living-dining room area for 
series 1-BB-F (baseboard system operated with floor-insert heaters and controlled 
by a line-voltage thermostat installed at the baseboard heater) are also given in 
Figure 5-5. These variations were obtained at an average outdoor dry-bulb 
temperature of 29F. The cyclic temperature variations obtained with this system at 
the 4-inch level, 30-inch level, 60-inch level, 92-inch level, and at the thermostat, 
were 1.3F, 2.1F, 2.4F, 2. 7F, and 2.1F, respectively. The cyclic performance of 
this system was given a rating of "C ". The baseboard thermostat was not provided 
with an anticipator. 
Cyclic Temperature Variations in Southwest Bedroom and Family Room. Cyclic 
temperature variation data were also taken in the southwest bedroom and the family 
room for several of the baseboard series. A graphic representation of the data 
collected in the southwest bedroom and the family room for series 1-ID-F, 1-LN F, 
and 1-BB-F is given in Figures 5-6 through 5-9. Living room cyclic temperature 
variation data for these same systems, which has already been discussed, were 
obtained at the same time for each of the respective systems. Thus, at the indicated 
outdoor condition, it is possible to determine the overall system performance as well 
as the system performance within individual rooms of the Residence. 
For convenience, the cyclic temperature information has been tabulated in Table 
5-2. From this table it can be seen that the baseboard system could be given an "A" 
rating in both the southwest bedroom and the family room when used in conjunction 
with a remote low-voltage thermostat. Cyclic temperature variations were increased 
substantially by the use of remote line-voltage thermostats, and the use of unit-mounted 
line-voltage thermostats further increased cyclic temperature variations. Table 5-2 
also shows that, based on the criterion of Table 4-1, each system would receive the 
same rating in the living room and southwest bedroom. The system rating of family 
room, which was on slab construction, was poorer in every case. 
Vertical Temperature Gradients. (For explanation of evaluation procedure and rating, 
see Chapter IV. ) The vertical temperature gradient in the living area of a residence 
is another measure of the comfort conditions produced by a heating system. If this 
temperature gradient becomes too large, it becomes noticeable by the occupants and 
may cause discomfort. It is therefore desirable to keep the vertical gradient at a 
minimum. 
The vertical temperature gradients obtained with series 1- ID, 1-ID-C, and 
1-ID-F are given in Table 5-3. 
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Table 5-2 - Cyclic Temperature Variations Obtained 
For Several Baseboard Series 
Series 1-LO-F Series 1-LN-F 
Living Southwest Family Living Southwest Family 
Location room bedroom room Location room bedroom room 
4" Level 0.1F 0. 6F 0. SF 4" Level 1. OF 2.0F 0.4F 
30" Level 0.3F 0.3F 0. 9F 30" Level 1.1F 1.0F 1.5F 
60" Level 0.1F 0. 3F 1.5F 60" Level 2. OF 2.0F 3. 2F 
92" Level 2. 3F 1.4F 2.2F 92" Level 2. 9F 2.8F 4.4F 
T'stat 0.4F 1.1F 2.1F T'stat 1.2F 3. OF 4.3F 
Series 1-BB-F 
Living Southwest Family 
Location room bedroom room 
4" Level 1.3F 4.0F 0.5F 
30" Level 2.1F 3. 2F 2. 2F 
60'' Level 2.4F 3. 7F 3.1F 
92'' Level 2. 7F 4.4F 2.1F 
T'stat 2.1F 4. 3F 2.9F 
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Table 5-3 - Vertical Temperature Gradients Obtained 
For Several Baseboard Series 
4 OF Indoor-Outdoor 7 OF Indoor-Outdoor 
Room Temperature Difference Temperature Difference 
4" to 4" to 4" to System 4" to 4" to 4" to System 
30" 60" 92" Rating 3 0" 60" 92" Rating 
SERIES 1-LO 
Liv. Rm. 3. 9F 5.1F 6. 5F c 4.9F 6. 6F 8. 6F B 
Southwest 
Bedroom 0. OF 0. OF 0.4F A 0. OF 1.2F 2.8F A 
SERIES 1-LO-C 
Liv. Rm. 2. 3F 3.1F 4. OF B 3. 6F 4. 9F 6. 3F B 
SERIES 1-LO-F 
Liv. Rm. 2. 6F 4.1F 5. 9F c 4. 5F 6. 6F 8. 7F B 
The living room is the only room shown for series 1-LO-C and 1-LO-F since the 
mid-level was the only level affected by the use of floor-insert heaters or crawl-
space heating. The type of thermostatic control had little effect on the vertical tempera-
ture gradients. Heating of the crawl space, however, changed the rating in the living 
room from C to B for mild weather conditions. 
The southwest bedroom is also shown for series 1-LO, as it is a room over a 
heated space. An "A" rating was maintained in the southwest bedroom for series 
1-LO. The other bedrooms, with the exception of the southeast bedroom, were also 
over heated areas. The southeast bedroom was over the garage and was similar to the 
living room without crawl-space heating. 
Room Air Temperature and Motion Distribution 
Series 1-LN. (Fig. 5-10) The baseboard heater system with remote line-voltage 
thermostat controls at the 60-inch level was evaluated when the outdoor conditions 
averaged 10F and a wind of 8 mph from the south-southwest (temperature difference= 
65F). Under these conditions, the extremes of the horizontal temperature variations 
were as follows: 
low high 
92-inch level 74F 78F 
60-inch level 74-F 75+F (Control level) 
3 0-inch level 72-F 73+F 
4-inch level 68-F 70F 
Using the criteria explained in Chapter IV, it can be seen that the performance of 
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75 
\_ 
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D 15 to 2!5fpm 
Q 25 to 35fpm 
~ ABOVE 3!5fpm 
(e) AIR MOTION 4"ABOVE FLOOR 
ROOM AIR TEMPERATURE AND MOTION 01 STRIBUTION 
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Figure 5-11 
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74-75 
---t 
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ROOM AIR TEMPERATURE AND MOTION DISTRIBUTION 
SERIES 1-LO-C BASEBOARD HEATERS WITH LOW VOLTAGE THERMOSTATS 
(CRAWL SPACE HEATED) 
Figure 5-12 
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this system may be considered satisfactory as far as horizontal temperature gradients 
are concerned. That is, a variation in excess of 2F was not experienced at the 30-
inch level. 
As might be expected, the greatest air motion at the 4-inch level was observed 
immediately in front of the sliding glass door on the north wall of the dining room, 
where the velocities exceeded 35 feet per minute in a small area (See Fig. 5-10). 
In most of the rest of the room the air motion was in the 15-25 feet per minute cate-
gory, while a band along the fireplace wall and another band extending from the south 
window to the north door had velocities in the 25-35 fpm range. 
Series 1-LO-F. (Figure 5-11) For this test series, remote low-voltage thermostats 
were used. Floor-insert heaters (1, 050 watts) were also used in lieu of 1, 000 watts of 
baseboard heating. The test conditions were: outdoor temperature 9F; indoor-outdoor 
temperature difference 66F; and wind, 5 mph from the south. Under these conditions, 
the extremes of the horizontal temperature variations were as follows: 
92-inch level 
60-inch level 
3 0-inch level 
4-inch level 
low 
75F 
75-F 
73F 
70F 
high 
80F 
77F (Control level) 
75F 
72F 
Using the suggested comfort standards, a temperature variation not in excess of 
2F at the 30-in. level, it can be seen that the performance of this sytem is satisfac-
tory. 
The operation of the floor-insert heaters made a difference in the air motion 
pattern at the 4-inch level. Essentially, the entire room had air motion in the 
25-35 feet per minute category. Figure 5-11 shows that the floor-insert heaters 
reduced the rapid air motion at the north door; at the same time, however, air 
motion rates were increased in other parts of the room. Examination of the data 
indicates that these increases were small, but the change is very apparent in the 
figure because the increase was sufficient to raise certain areas of the room from the 
15-25 fpm category to the 25-35 fpm category. 
Series 1-LO-C. (Figure 5-12) This series used a baseboard heater system with low-
voltage thermostats and with the crawl space heated. The test conditions were: out-
door temperature, 45. SF; outdoor-indoor temperature difference, 29. 8F; and wind, 
5 mph. Under these conditions, the horizontal variations of temperature were as 
follows: 
low high 
92-inch level 75-F 76+F 
6 0-inch level 75-F 76+F (Control level) 
30-inch level 74-F 75+F 
4-inch level 71 F 75+F 
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In Figure 5-12, isotherms are given for the 92-inch, 60-inch, 30-inch, and 4-inch-
level air temperatures in the living-dining room area. The isotherms for the 4-inch 
level indicate a flow of cool air from the sliding glass doors into the living room. The 
air velocities measured in this area were less than 25 feet per minute, while the velo-
cities in the remainder of the area were in the 0-15 feet per minute category. Because 
of the low air velocities that were measured during this study, no velocity distribution 
is given in Figure 5-12. The lower velocities obtained during this study were probably 
due to the milder weather conditions which prevailed when the study was made, rather 
than being due to a heated crawl space. This influence of mild weather conditions on 
room air motion was also experienced during an air motion study made with series 
3-LN. 
Ankle Level Comfort. (For explanation of evaluation, see Chapter IV.) Figure 5-13 
shows the results of two variations of system 1 evaluated on the basis of ASHRAE 
standards. One series was conducted with remote line-voltage thermostatic control, 
while the other employed remote low-voltage thermostatic control used in conjunction 
with the floor-insert heaters below the sliding glass doors. From this figure it can be 
seen that comfort conditions were improved by use of the floor-insert heaters, parti-
cularly in the vicinity of the sliding glass doors. Since both tests were conducted when 
the wind was from the south (and the sliding glass doors were exposed to the north), 
it can be conjectured that the insert heaters would be even more effective for north 
winds. 
Energy Requirements 
A statistical analysis of the total energy consumption for system 1 indicated a total 
energy consumption of 4. 37 kwh per degree of indoor-outdoor temperature difference. 
Based on an indoor temperature of 75F, the total energy consumption can also be given 
as 4. 99 kwh per degree-day when the indoor-outdoor temperature difference is 8 OF. 
It was found that this rate of consumption was not significantly different from the 
rates determined for the other basic systems. A complete analysis of energy 
requirements appears in the Appendix. 
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SERIES 1-LN 
BASEBOARD HEATERS WITH REMOTE 
LINE- VOLTAGE THERMOSTAT 
SERlE S 1-LO-F 
BASE B 0 A R 0 HE ATE RS AND FLOOR INSERT HEATERS 
WITH REMOTE LOW -VOLTAGE THERMOSTAT 
PERC EN TAG E OF OCCUPANTS 0 BJ ECTING TO DRAFTS 
D less than 10 percent . ~ 20 to 30 percent . 
D 10 to 2 0 percent. ~ more than 30percent .. 
OCCUPANTS OBJECTING TO DRAFTS AT ANKLE (411 ) LEVEL 
Figure 5-13 
5-21 
CHAPTER VI. SYSTEM 2 -- HIGH-DENSITY CEILING-PANEL HEATING SYSTEM 
This system consisted of 2-foot by 4-foot ceiling panels, each having a heating capa-
city of 1, 7 07 Btuh. The panels were applied to the ceilings along the perimeter of the 
rooms at approximately one foot from the exterior walls. The units were installed 
either singly or in combinations so as to match as nearly as possible the heat loss of 
the space they were to serve. The instrument room was heated with the baseboard 
units as in system 1. The installed capacities for each room were the same as that 
used in system 1, and are tabulated in Table 6-1. The arrangement of the panels is 
shown in Figure 6-1, and photographs appear in Figure 6-2. 
Test Series 
Series 2-LO 
Series 2-LO-F. 
Comfort Evaluation 
High-density ceiling-panel system with low-voltage thermostats. 
These thermostats were of the mercury-switch type, and had 
fixed anticipation. All thermostats were set to maintain a 
temperature of 75F at 60 inches above the floor. The crawl 
space was not heated. 
Same as 2-LO J except that the 1, 050-watt floor-insert heaters 
previously described were used in lieu of 1, 000 watts of 
ceiling panel in dining room. 
Cyclic Temperature Variation. (For evaluation procedure and rating system, see 
Chapter IV. ) Figure 6-3 depicts the variations obtained in the living room with the 
high-density ceiling-panel system when controlled by a low-voltage thermostat and 
with the dining room floor-Insert heaters in operation (series 2-LO-F). Based on the 
temperature variations experienced at the 4-inch level, 30-inch level, 60-inch level, 
92-Inch level, and at the thermostat, 0. 6F, 0. 9, 0. 9F, 1. 1F, and 0. 4F respectively, 
this system was given an "A" cyclic performance rating. 
A graphic representation of the cyclic temperature performance of this system 
in the southwest bedroom and the family room is given in Figures 6-3 and 6-4. The 
cyclic variations obtained for series 2-LO-F in the living room, southwest bedroom, 
and family room are given in Table 6-2. 
Vertical Temperature Gradients . (For evaluation procedure and rating system, see 
Chapter IV. ) In Table 6-3, the vertical temperature gradients obtained with series 
2-LO-F are given for the living room and the southwest bedroom. This series was 
representative for system 2, for it was found that the vertical gradients were not 
affected by the use of floor-insert heaters. (This was also true for system 1. ) 
However, the living room vertical gradient was somewhat better for system 2 than 
for system 1. In the southwest bedroom (room over a heated area) the high-density 
ceiling panels maintained an "A" rating. 
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Table 6-1 - Residence Heat Loss and High-Density Ce:ling 
Panel Installed Capacities in Btuh 
Heat* Installed Load** 
Loss Capacity Ratio 
Lower level 
Family room 12,401 11, 946 0.96 
Instrument room 6,212 6,826# 1.10 
Bath 654 1, 707 2.61 
Lower level total 19,267 20, 479 1. 06 
Middle level 
Entry 3, 189 3,413 1. 07 
Living room 5,819 6,826 1. 17 
Dining room 6,446 6,826 1. 06 
Kitchen 4, 704 5, 120 1. 09 
Middle level total 20, 158 22,185 1.10 
U:Q:Qer level 
Southeast bedroom 5, 079 5,120 1. 01 
Southwest bedroom 4,209 5,120 1. 22 
Northwest bedroom 3,615 3,413 0.94 
Northeast bedroom 3, 807 5, 120 1.34 
North bath 1,525 1, 707 1.12 
South bath 1,457 1, 707 1.17 
Hall 586 1, 707 2.91 
Upper level total 20, 278 23,894 1.18 
Crawl s2ace 5,212 6,826 1. 31 
House total 64,915 73,384 1.13 
*Based on an 8 OF indoor-outdoor temperature difference and a 15 mph wind. 
**The load ratio is the capacity of the room heaters divided by the calculated 
room heat loss. 
#Baseboard used as heating source. 
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(a) installation of high-density panel 
(b) high-density panels in place 
Figure 6-2 
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Table 6-2 - Cyclic Temperature Variations for Series 2-ID-F 
Living Southwest Family 
Location room bedroom room 
4-inch level 0. 6F 0.7F 0.4F 
30-inch level 0. 9F 0. 7F 0. 5F 
60-inch level 0.9F 0. 5F 0. 5F 
92-inch level 1.1F 0.5F 0. SF 
T'stat 0.4F 0.5F 0.4F 
Table 6-3 - Vertical Temperature Gradients for Series 2-LO-F 
4 OF Indoor-Outdoor 7 OF Indoor-Outdoor 
Room Temperature Difference Temperature Difference 
4" to 4" to 4" to System 4" to 4" to 4" to System 
30" 60" 92 II Rating 30" 60" 92" Rating 
Liv. Rm. 1.2F 3.0F 4. OF B 2.4F 4. 5F 6. 5F B 
Southwest 
Bedroom 1.1 2. 3F 2. SF B 1. 6F 3. 5F 4. OF A 
Room Air Tem2erature and Motion Distribution. (For evaluation procedure and rating 
system, see Chapter IV). 
Series 2-LO (Figure 6-5) The test conditions were: outdoor temperature, 6F; outdoor-
indoor temperature difference, 69F; and wind, 5 mph from the south. Under these 
conditions the horizontal variations of temperature in the living-dining room area for 
the various levels were as follows: 
92-inch level 
60-inch level 
3 0-inch level 
4-inch level 
low 
74F 
74F 
73-F 
66F 
high 
S2F 
75F (control level) 
74F 
73F 
The horizontal temperature variation at the 3 0-inch level for this system satisfies 
the criterion of not exceeding 2 F. 
The air motion distribution pattern (Figure 6-5) is opposite the pattern recorded 
for series 1-LN (Figure 5-10). Zones of lower air movement (15-24 fpm) occur at 
the fireplace wall, across the center of the living room, and at the east end of the 
living room with the remainder of the room being in the 25-35 fpm category. As with 
the baseboard system, there was a small zone of over -35 fpm air movement in front 
of the sliding glass door. 
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(o) 92" ABOVE FLOOR 
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Figure 6-5 
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SERIES 2-LO 
CEILING PANEL HEATERS WITH REMOTE 
LOW- VOLTAGE THERMOSTAT 
SERIES 2-LO-F 
CEILING PANEL HEATERS WITH FLOOR INSERT 
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Figure 6-7 
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Series 2-LO-F (Figure 6-6) This series used the same high-density ceiling-panel 
system, but with floor-insert heaters. The floor-insert heaters (1, 050 watts) were 
operated instead of two high-density panels at the north door of the dining area. The 
test conditions were the same as for series 2-LO. Operation of these heaters im-
proved the horizontal temperature distribution at the 4-inch level, as indicated by 
the following: 
low high 
92-Inch level 75F 82F 
60-inch level 75-F 75+F (control level) 
30-inch level 73F 74F 
4-inch level 69F 70+F 
The horizontal temperature variation with this system was less than 2F at the 
3 0-inch level, and was superior to the other systems examined. 
A comparison of Figures 6-5 and 6-6 reveals that use of the floor-insert heaters 
reduced the velocity of the air flow in the living-dining room area. The insert heater 
also produced higher 4-inch-level air temperatures in the vicinity of the sliding glass 
doors. 
Ankle- Level Comfort. (For evaluation procedures and ratings, see Chapter IV. ) 
Figure 6-7 gives the results of the ankle-level comfort evaluation based on the standards 
suggested by ASHRAE. This figure clearly shows that the use of floor-insert heaters 
improved comfort performance of the high-density ceiling-panel system. 
Subject Response to Radiant Effect 
In reporting the comfort results for the panel systems, no objective method has been 
employed to evaluate the radiant effect of the panels. When the high-density panel 
system was in use, a number of people commented that they were aware of the radiant 
output. This was particularly true when they were near glass areas, where different 
parts of their bodies were receiving and emitting radiant energy simultaneously. 
Energy Requirements 
A statistical analysis of the total energy requirements for the high-density panel 
system indicated a consumption of 4. 53 kwh per degree of indoor-outdoor temperature 
difference. Based on an indoor temperature of 7 5F, this can also be expressed as 
5. 18 kwh per degree day when the indoor-outdoor temperature difference is 8 OF. 
This rate of consumption is not significantly different from the rates determined for 
the other basic systems. A complete analysis of energy requirements appears in the 
Appendix. 
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CHAPTER VII. SYSTEM 3 -- _LOW DENSITY CEILING-PANEL 
SYSTEM (CABLE) 
The ceiling panels on the entire middle leve 1 consisted of heating cable between two 
layers of gypsum board. The installation of the panel was made in accordance with 
the National Electrical Manufacturers Association recommendations for laminated 
panel construction. The upper layer was the original ceiling, 1/2-inch gypsum 
board. The lower layer was 3/8-inch gypsum board. The voids between the sinuous 
pattern of the heating cables were filled with joint compound to aid in heat conduction, 
except in the living and dining rooms where an experimental filler was used. The 
panels were not rigidly constricted by the room walls, but were installed in a small 
metal channel which provided for some expansion. Photographs relating to the ceiling-
cable system appear in Figure 7-1. 
In the southwest bedroom, southeast bedroom, and hall, the panel construction was 
the same as used on the middle level. In the northwest bedroom, ceiling cable was 
affixed to the existing ceiling and then covered with plaster. The cable layout and 
plaster application were done in accordance with NE MA recommendations. In the 
northeast bedroom, a ceiling panel consisting of plastic sheets in which a mesh of fine 
wires were imbedded was installed. These sheets covered almost the entire ceiling 
area, and were attached to the ceiling with contact cement. The seams between panels 
were taped, and the entire ceiling then painted. This was the only finish applied to the 
panels. Photographs relating to the installation of this panel system appear in Figure 
7-2. 
The high-density panels used in system 2 were retained for both bathrooms. 
Since the lower-level ceilings were made of 1/ 4-inch plywood, it was not practical 
to install a low-density panel system. Therefore, the family room ceiling was almost 
completely covered with high-density ceiling panels. Of the 19 panels installed, 16 were 
cut to one-fourth of their rated output to simulate a low-density panel system. The 
instrument room was heated with the baseboard units as in system 1. The installed 
capacities and type unit used for each room are given in Table 7-1. 
Test Series 
Series 3- LO. 
Series 3-LN. 
For this series, low-density ceiling panels were controlled by 
low-voltage thermostats. The thermostats were the mercury-
switch type with fixed anticipation (balanced to match the 
relays used) and were set to maintain a temperature of 75F at 
the 60-inch level. The thermostat locations were the same as 
for series 1-LO, and are given in Figure 5-1. 
On the upper two levels, the series was the same as series 
3-LO, except that line-voltage thermostats were used instead 
of the low-voltage thermostats. These thermostats were the 
bi-metal type with fixed anticipation. The entire lower level 
was heated with baseboard heaters as used in system 1. 
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Tab'"e 7-1 ~· Residence Heat Loss and Ceiling Cable 
Installed Capacities in Btuh 
Heat* Installed wad** 
Loss Capacity Ratio 
LoNer level 
Family room 12,401 11,946 0.96 
Inqtrument room 6,212 6,826# 1. 10 
Bath 654 12 707 2.61 
wwer level total 19,267 20,479 1. 06 
lVn'idle level 
Entry 3,189 3,413 1. 07 
Living room 5,819 6, 143 1. 06 
Dining room 6,446 6,826 L 06 
Kitchen 4 2 704 4,778 1. 02 
Middle level total 20,158 21,160 1. 05 
Upper level 
Southeast bedroom 5, 079 5,120 1. 01 
Southwest bedroom 4, 209 4,778 1.14 
Northwest bedroom 3,615 4, 096 1.13 
Northeast bedroom 3, 807 3,754 0.99 
North bath 1,525 1, 707 1.12 
South bath 1,457 1, 707 1. 17 
Hall 586 1,365 2.33 
Upper level total 20,278 22,527 1. 11 
Crawl space 5,212 6,826 1. 31 
House total 64,915 70, 992 1. 09 
* Based on an 8 OF indoor-outdoor temperature difference and a 15 mph wind. 
** The load ratio is the capacity of the room heaters divided by the calculated 
room heat loss. 
# Baseboard used as heating source. 
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(a) application of filler material on the back of gypsum board 
(b) installation of gypsum board over ceiling cable 
Figure 7-1 
7-3 
(a) application of adhesive to panel. Note 
electrical connection to panel 
(c) final attachment of panel to ceiling 
(b) placing panel on ceiling 
(d) panels in place, with props supporting 
electrical connections during final set 
Figure 7-2 
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Comfort Evaluation 
Cyclic Temperature Variations. The average cyclic variations experienced in the 
living room for series 3-LN are shown in Figure 7-3. During the test the outdoor 
temperature averaged 39F. The cyclic variations obtained at the 4-inch level, 30-inch 
level, 60-inch level, 92-inch level and thermostat were I. IF, 1. 4 F, 1. IF, 1. IF, and 
1. IF respectively. The cyclic performance of this system was thus given a "B" rating. 
Cyclic temperature variations were also recorded for the southwest bedroom as 
shown in Figure 7-3. The cyclic temperature information included in Figure 7-3 is 
tabulated in Table 7-2. 
Table 7-2 - Cyclic Temperature Variations for Series 3-LN 
Location Living room Southwest bedroom 
4-inch level l.IF 
3 0-inch level 1.4F l.IF 
6 0-inch level l.IF 1.3F 
92-inch level l.IF 2. 7F 
Thermostat l.IF 0.4F 
Vertical Temperature Gradients. (For evaluation procedure and rating system, see 
Chapter IV. ) The vertical temperature gradients obtained in the living room with 
the low-density ceiling panels controlled by remote low-voltage thermostats are given 
in Table 7-3. From this table it can be seen that a rating of "C" was maintained in the 
living room at mild outdoor conditions. The southwest bedroom and northwest bed-
room both maintained a "B" rating, while the northeast bedroom maintained a·n "A" 
rating. The plastic panel in the northeast bedroom ran at a higher temperature than 
the panels in either the northeast bedroom or southwest bedroom. Series 3- LN main-
tained similar vertical temperature gradients. 
Table 7-3 - Vertical Temperature Gradients for Series 3-LO 
4 OF Indoor-Outdoor 7 OF Indoor-Outdoor 
Room Temperature Difference Temperature Difference 
4'' to 4" to 4'' to System 4" to 4'' to 4" to System 
30" 60" 92" Rating 3 0" 60" 92" Rating 
Living 
room 2. 3F 4. 3F 6. OF c 3. 5F 6.4F 8. 9F B 
Southwest 
bedroom 1.8F 2.8F 4.9F B 2. 7F 4.IF 6. 6F B 
Northeast 
bedroom 0. 3F 1. 2F I. 9F A 0.4F 1.9F 3.0F A 
Northwest 
bedroom 0. 9F 1. 9F 3. 2F B 1. 6F 3.4F 5. 6F B 
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Room Air Temperature and Motion Distribution 
(For evaluation procedure and rating system, see Chapter IV. ) 
Series 3-LN (Figure 7-4) This series was conducted using a low-density ceiling-panel 
system with a line-voltage thermostat. The test conditions were: outdoor temperature, 
35F; outdoor-indoor temperature difference, 40F; and wind, calm. Under these condi-
tions, the horizontal variations of temperature in the living-dining room area for the 
various levels were as follows: 
92-inch level 
60-inch level 
3 0-inch level 
4-inch level 
low 
75+F 
75-F 
73-F 
68-F 
high 
78-F 
76-F (control level) 
75-F 
73-F 
The 3 0-inch level temperature meets the criterion of a horizontal temperature 
difference not in excess of 2F. 
Ankle-Level Comfort. Since series 3-LN was run during mild weather, no comparative 
plot of ankle-level comfort was made; however, air velocities were all 15 fpm or less. 
As shown by the isothermal plot of the 4-inch-level air temperature in Figure 7-4, 
a problem area again existed in front of the sliding glass doors in the dining area. 
The flow of cool air at the 4-inch level extends almost into the living room. Although 
no test was run with the low-density ceiling panel and floor-insert heaters, it appears 
as though floor-insert heaters may have been beneficial as they would have slowed 
this flow of cool air into the dining area. 
Energy Requirements 
A statistical analysis of the total energy required for system 3 indicated a consump-
tion of 4. 46 kwh per degree indoor-outdoor temperature difference. Based on an indoor 
temperature of 75F, this can be expressed as 5. 10 kwh per degree day when the indoor-
outdoor temperature difference is 8 OF. This rate of consumption is not significantly 
different from the rates determined for the other basic systems. A complete analysis 
of energy requirements appears in the Appendix. 
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CHAPTER VIII. PREVIOUS SYSTEMS 
During the 1960-61 heating season, the heating season prior to the initiation of this 
project, four electric ducted warm-air systems were tested in the Research Residence. 
These investigations were performed with a heated craw 1 space and with the Residence 
having the same thermal characteristics as it had during this project. A complete 
report of these studies is contained in Reference 3. A brief description of each of the 
four systems follows: 
Series EF 
This series used an central electric furnace system capable of providing a modulated 
input. The electrical input to the furnace was increased in stages depending on the 
length of time the thermostat called for heat. The incremental increase in input was 
3 kw. The furnace could also be operated in an "on-off" manner with its entire 18-kw 
capacity input being activated upon thermostat demand. 
Series DH-A 
Electric duct heaters were installed in the branch ducts to each room and controlled by 
individual room thermostats. An electric tempering heater was also installed in the 
return duct system. The tempering heater and blower were activated when any room 
thermostat demanded heat. 
Series DH-B 
This system was the same as series DH-A, except the tempering heater was not used. 
Series HP 
An air-source heat-pump system was also studied. The capacity of the heat pump was 
sufficient to maintain the indoor temperature at 75F for outdoor temperatures above 
40F. Therefore, supplementary heaters were provided in order that indoor temperatures 
could be maintained at more severe outdoor conditions. The supplementary heaters were 
controlled by either a two-stage thermostat or a sequencing thermostat. 
Comfort Evaluation 
In the following sections, the comfort performance parameters obtained with the ducted 
systems are given. The information given in these sections was reported in Reference 
3. 
Cyclic Temperature Variations. (For evaluation procedures and rating systems, see 
Chapter IV.) The cyclic temperature variations obtained for the ducted systems are 
listed in Table 8-1 on the next page. 
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Table 8-1 
Cyclic Temperature Variations For Systems Studied During the 
1960-61 Heating Season 
Series 
EF 
DH-A 
DH-B 
HP 
Staged control 
"On-off" control 
Rating 
A 
c 
A 
A 
B 
These cyclic temperature variation ratings are based on the results obtained 
in the living room and were obtained when the outdoor temperature ranged 
from 25F to 40F. 
Vertical Temperature Gradients 
A summary of the vertical temperature gradients obtained with the ducted systems is 
given in Table 8-2 
Table 8-2 
Vertical Temperature Gradients Obtained With Ducted Systems 
40F Indoor-Outdoor 7 OF Indoor-Outdoor 
Room Temperature Difference Temperature Difference 
4" to 4" to 4" to System 4" to 4" to 4'' to System 
3 0" 60" 92" Rating 3 0" 60" 92" Rating 
Electric Furnace System 
Living 
Room 1.4F 2.1F 2.4F A 2.2F 3.1F 3. 7F A 
Southeast 
Bedroom 1.3F 1.5F 1. 5F A 1.7F 2.1F 2.1F A 
Duct-Heater System 
Living 
Room 1.2F 2.0F 2.4F A 2.1F 3.6F 4. OF A 
Southeast 
Bedroom l.lF 1.4F 1.6F A 1.4F 1.8F 2.0F A 
Heat-Pump System 
Living 
Room 1.4F 2.0F 1.2F A 2. 5F 3. 5F 2. 7F A 
Southeast 
Bedroom 2. 6F 3.1F 3.4F B 3. 6F 4.2F 4.8F B 
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Ankle- Level Comfort 
No results published. 
Room-Air Temperature and Motion Distribution 
No results published. 
Energy Requirements 
With the crawl space heated, the ducted systems, excepting the heat pump system, 
average a total consumption of 4. 89 kwh per degree difference in indoor-outdoor 
temperature. This value is comparable to the average value of 4. 92 kwh per degree 
of indoor-outdoor temperature difference statistically established for series 1-LO-C 
(baseboard system with heated crawl space). A complete description of the statistical 
analyses for series .1.-LO-C appears in the Appendix. 
In reference 3, an analysis was made of energy input to the heat pump system. 
This analysis revealed that the electric-furnace and duct-heater systems required 
1. 72 thnes more energy than the heat pump system. Since the energy requirements 
of the resistance systems studied in this investigation were comparable to those 
obtained for the ducted systems, it can be concluded that their requirements would be 
approximately 1. 72 times those of a heat pump system. 
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CHAPTER IX. SPECIAL STUDIES 
Crawl-Space Heated 
During the 1963-64 heating season, series 1-LO-C was conducted in order to determine 
the effect of a heated crawl space on economy of operation and on comfort conditions. 
During this series the rooms were heated by baseboard units, and the floor-insert heat-
ers were not used. The air temperature of the crawl space was maintained at 75F by a 
thermostatically controlled heater having a capacity of 2 kw and equipped with an axial-
fan air circulator 
Comfort Evaluation. The crawl space of the Research Residence was located below the 
middle level (living-dining-kitchen) of the house. Thus, in all probability, the comfort 
conditions on this level were affected most. 
From the comfort evaluation data given in Chapter V, it can be seen that the 
vertical temperature gradient was improved by the addition of crawl-space heating, but 
that the horizontal gradient suffered when compared to the baseboard system with floor-
insert heaters. Since system 1-LO-C was deficient in the area of the dining-room 
sliding glass door, it may be surmised that, had the floor-insert heaters been used with 
1-LO-C, a good performance would have resulted. 
In Figure 9-1, crawl-space air temperature and living room floor-surface temper-
ature are plotted for the heated and an unheated crawl-space series. From this figure 
it can be seen that the crawl-space air temperature was elevated approximately 17F by 
the addition of the heater. As a result of the increased crawl-space air temperature, 
the living room floor-surface temperature was increased by approximately 5F. With 
this 5F increase, the living room floor-surface temperature was always above 7 OF. 
The occupants of the Residence at the time these tests were conducted, two adult 
students, did not notice the increase in floor-surface temperature. 
Floor-Insert Heaters 
For all heating systems, the floor-insert heaters greatly reduced the flow of cool air 
from the sliding glass doors into the living room area. When either ceiling panel system, 
was operated without the floor-insert heaters, the 4-inch level air temperature in front 
of the sliding glass doors was over 5F cooler than the highest 4-inch level air tempera-
ture measured in the living-dining room area. The use of floor-insert heaters in con-
junction with the high-density ceiling-panel system reduced the difference to slightly 
over 1F. When the baseboard heating system was in operation without the floor-insert 
heaters, the 4-inch level air temperature difference was not as large as that previously 
noted for the panel system operated in a comparable manner. However, the use of floor-
insert heaters did reduce the 4-inch level air temperature difference. 
The operation of the floor-insert heaters also reduced the amount of air motion at 
the 4-inch level to a considerable degree. Of particular importance was the elimination 
of the zone of over 35 fpm at the sliding glass doors. 
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Examination of the diagrams of the four systems indicates that the baseboard system 
with floor-insert heaters would result in the least number of objections to comfort condi-
tions as defined by the described standard, with the high-density ceiling-panel system 
with floor-insert heaters being rated a close second. 
Of the systems without floor-insert heaters, series 2- LO is the superior. The 
results of series 1-LO-C and 3-LN are not compared here because the data was taken 
under mild weather conditions and the air velocities were almost all in the 0-15 fpm 
category; however, it is apparent that the room-air distribution and ankle-level com-
fort of both these systems could be improved by the addition of floor-insert heaters. 
Warm- Up Study 
During the 1963-64 heating season, a special warm-up test was conducted. The objectives 
of this test were two-fold: 
1. To determine whether the low-density heating panels would be 
damaged by undergoing a large and rapid temperature increase. 
2. To obtain a record of the warm-up rate of the Research Residence. 
In order to reduce the temperature of the Residence and its furnishings, the power 
to the heating system was turned off and all windows were opened. This condition was 
permitted to exist for several days while the outdoor temperature was approximately 
40F. The windows were then closed, the power to the heating system restored, and 
pertinent temperature data taken. This test was conducted during the night in order to 
eliminate the effects of solar radiation. 
While the panels and house were warming, periodic examinations of the panels were 
made. These examinations revealed that the panels were not damaged in any way during 
the course of the test. 
In Figures 9-2 and 9-3, the panel, floor-surface, and room-air temperatures obtained 
in the living room and northeast bedroom are given for a period of 7 hours. The living-
room panel was constructed of ceiling cable, while the northeast bedroom panel was con-
structed of vinyl plastic sheets. These figures show that the surface temperature increase 
of the plastic panel was more rapid than the cable panel, and as a result the northeast 
bedroom heated rm re rapidly than the living room. 
In Figure 9-2, it can be seen that the maximum living room air temperature obtained 
was 73 F. At this temperature the operation of the living room panel became cyclic even 
though the room thermostat was set to maintain 75F. This was probably due to the droop 
characteristics of the thermostat, which are described in another section of this report. 
The pane 1 in the northeast bedroom continued to operate continuously for approximately 
two hours beyond the period shown in Figure 9-3. Cyclic operation began in this room 
when the 60-inch air temperature reached 76F. 
Individual Room Temperature Study 
Uniform Temperature Control Performance. One of the main advantages of an electrical 
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heating system is the ease of installing a multi-zone system, which brings about a reduc-
tion in room-to-room temperature unbalance. The heat losses in each room vary not 
only with outdoor temperature, but also with wind speed and direction, solar intensity, 
and internal heat gains. With individual room thermostat controls, this non-proportional 
change in heating requirements is automatically taken into consideration, since each 
room thermostat calls for the needs of that individual room. 
The room-to-room temperature unbalance obtained during these studies was nor-
mally less than plus or minus 1F, based on the living room temperature. This un-
balance was approximately the same in both mild and cold weather, and was caused 
both by the inability to set the thermostats exactly the same, and the difference in 
thermostat characteristics, such as droop. If the thermostat differences could be 
eliminated, a room-to-room temperature unbalance of nearly zero could be maintained. 
The balance, however, is much better than that obtained in t~ Research Residence 
when the temperature was controlled by only one thermostat. 
Non-Uniform Temperature Control Performance. At the present time, some difference 
of opinion exists concerning the room-to-room temperature differentials that can be 
maintained by the use of multi-thermostat control. There are some who are of the 
opinion that relatively large room-to-room temperature differences are possible, 
while others feel that the temperature difference that can be maintained is not only de-
pendent upon the relative thermostat settings, but also upon the load shift which occurs 
between the rooms. That is, an attempt to maintain a large temperature differential 
between two adjacent rooms may result in the cooler room being carried at some 
temperature above the control setting by heat lost from the warmer room. 
In order to determine whether a set differential could be maintained between rooms, 
two special test series were conducted during the 1963-64 heating season. For these 
two series, the thermostats in the northeast bedroom and the northwest bedroom were 
set to maintain 7 OF, while the thermostats in the two baths on the upper level were set 
to maintain 8 OF. The remainder of the thermostats in the house were set at 7 5F. For 
one of the series, the doors between rooms were left open at all times. This series 
was designated as series 1-LO-IRT 1. For the other test series, the doors on the 
upper level were closed. This series was designated as series 1-LO-IRT 2. 
The room-to-room temperature data obtained for these series are presented in 
Figure 9-4 and 9-5 as a function of outdoor temperature. These data were obtained in 
the following manner: The daily average 60-inch level air temperature data for the 
southeast bedroom and the southwest bedroom were averaged and the result designated 
as "south bedrooms. " Similarly, the average of the northeast bedroom and northwest 
bedroom daily temperatures were designated as "north bedrooms", while the average 
of the two bathroom daily temperatures were designed as "baths". Temperature 
differences were then obtained for the "north bedrooms" minus the "south bedrooms" 
and the ''baths" minus the "south bedrooms". 
In Figure 9-5 it can be seen that it was possible to maintain the ''baths" 5F warmer 
and "north bedrooms" 5F cooler for series 1-LO-IRT 2 (doors on the upper level closed). 
As shown by Figure 9-4, it was not possible to maintain this differential for series 
1-LO-IRT 1. For this series, the "north bedrooms" were about 3. 5F cooler and the 
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'fbaths" about 1. 5F warmer than the "south bedrooms". Thus, it can be concluded that 
the load shift between rooms when the doors were kept open was sufficient to make the 
5F room-to-room control differential impossible. 
A further indication of load shift was given by the operation of the units in the 
'baths" and "north bedrooms". For series 1-LO-IRT 2, operation began in these rooms 
at mild outdoor temperatures (60F to 70F). The unit operating times, and the energy 
input, then increased as the outdoor air temperature decreased. Cyclic operation of 
the units occurred over the entire range of outdoor temperatures encountered, thus 
indicating that thermostatic control prevailed. For series 1-LO-IRT 1 the pattern of 
operation was quite different. The units in the 'fbaths" operated continuously at outdoor 
temperatures of 3 OF and lower, while the "north bedrooms" required no unit operation 
for outdoor temperatures greater than 3 OF. This pattern would indicate that the "north 
bedrooms" were being carried, and consequently not thermostatically controlled, for 
outdoor temperatures greater than 3 OF. Also, that the 'baths" had lost thermostatic 
control for outdoor temperatures less than 3 OF. 
Over-Capacity Study 
In order to determine the effect of installed capacity on cyclic temperature variations, 
an additional study was made in the southwest bedroom of the Residence. This study 
was conducted in two parts. First, an investigation was made of the cyclic temperature 
variations experienced with the capacity of the installed radiation equal to that given in 
Table 5-1, an installed capacity equal to 1. 22 times the calculated design heat loss. Then, 
the installed capacity was doubled and another cyclic temperature investigation was 
made. In Figure 9-6, the location of the baseboard heaters is given for both systems. 
As indicated on this figure the study was made while the outdoor dry-bulb temperature 
was 31 F and the wind was calm. 
Figure 9-6 shows that the over-capacity system produced more adverse cyclic 
temperature variations. The maximum temperature variations produced by the over-
capacity system at the 4-inch level, 30-inch level, 60-inch level, 92-inch level and 
thermostat were 1. 7F, 1. 6F, 3. OF, 2. SF, and 3. 2F respectively, as compared to the 
temperature variations of 0. 6F, 0. 7, 1. OF, 1. 7F, and 1.4F produced at the same 
respective locations by the properly sized system. 
It can also be noted in Figure 9-6 that the range of air velocities at the 4-inch level 
in the center of the room was approximately twice as great for the over-capacity system. 
Since the air temperature measured at this level was well within the comfort range for 
both systems, the increased velocity of the over-capacity system need not be considered 
detrimental. 
Fair agreement existed for the average heat input into the room. The initial system 
operated approximately 29 percent of the time, while the over-capacity system operated 
approximately 13.5 percent of the time. Since these systems had a capacity ratio of 
1 :2, one would expect an operating time ratio of 2:1. 
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UPON CYCLIC 
IN SOUTHWEST 
Energy Requirement Study 
Total Energy Requirements. The total heat supplied to a house is derived from several 
sources. These sources are: 1) the heating system, 2) extraneous internal gains, and 
3) solar gains. In this investigation it was possible to measure the total electrical 
energy input, the heating-system energy input, and the solar gain. The extraneous 
internal gains were assumed to be the difference between the total electrical energy 
supplied to the house and the energy supplied to the heating system, and no effort was 
made to account for the gains associated with occupancy. The energy input to the 
water heater, which was generally less than 3 percent of the total electrical energy 
supplied to the house, was also considered to be part of the internal gain. By using 
methods of statistical analysis, an effort was made to correlate the total electrical 
energy requirements and the heating-system energy requirements with the factors 
believed to affect these requirements. A description of the analyses performed on the 
systems studied is included in the Appendix. 
The statistical analyses performed on system 1 (baseboard system) revealed that 
the average total electrical energy consumption per degree of indoor-outdoor tempera-
ture difference was 4. 37 kwh per day. This average was obtained for a 10 mph wind, 
which was the average wind speed encountered when this system was investigated. 
For system 2 (high-density glass-panel system), the average daily total electrical 
energy consumption per degree of indoor-outdoor temperature difference at a wind 
speed of 10 mph was 4. 53 kwh. For system 3 (low-density ceiling-cable system) the 
average daily total electrical energy consumption at the same outdoor conditions was 
4.46 kwh. A statistical analyses revealed that there was no statistical difference 
between these energy inputs. Thus, for all practical purposes, an average value of 
4. 47 kwh per day may be taken as being representative of the total energy requirements 
per degree of indoor-outdoor temperature difference at a 10 mph wind. 
The studies for the three basic systems just discussed were conducted with the crawl 
space of the Residence unheated. A test series was also conducted in which the crawl 
space was heated. For this series a 2 kw heater was operated in the crawl space. The 
heater was controlled by a thermostat set to maintain 75F at the mid-height of the crawl 
space. An analysis of the data revealed the average daily total energy consumption with 
the crawl space heated was 4. 92 kwh per degree of indoor-outdoor temperature difference 
at a wind speed of 10 mph. This consumption is approximately 10 percent higher than the 
consumption for the unheated crawl space series, and agrees quite well with the installed 
capacity increase required to heat the crawl space. (The increase in installed capacity 
required to heat the crawl space was 10. 3 percent. ) 
The value of 4. 92 kwh per day also agrees well with the value of 4. 89 experienced 
in the 1960-61 season when ducted systems with a heated crawl space were used. For 
design weather conditions, 8 OF indoor-outdoor temperature and 15 mph, the total energy 
input to the Residence was found to be approximately 4 percent less than the calculated 
energy requirements (heat loss) for all the test series studied. 
Heating System Energy Requirements - Daily. A study of the heating system energy 
requirements showed that the requirements were approximately 12 percent less than 
the total energy requirements. Considering that the Residence was normally occupied 
by two people and no laundering or cooking took place during the test season, this per-
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centage difference may appear to be high. However, the water-heater energy require-
ments and energy requirements of all the instruments are included in the total energy 
requirements. The sum of the total energy requirements of these two sources account 
for approximately 4 to 5 percent of the total. 
The percentage difference between the heating-system energy requirement and the 
total energy requirement, coupled with the percentage difference between total energy 
requirement and the calculated design energy requirement, indicate that the Residence 
could be heated with a heating-system energy input approximately 16 percent less than 
the calculated design energy requirement. However, this should not be interpreted as 
meaning that the installed capacity in each room could be reduced by this percentage. 
An analysis of the individual room demands over a period of time for which approx-
imate design conditions existed revealed that in some rooms the control temperature 
was not maintained, even though the room units operated continuously. Over the same 
period of time, some room units were in operation approximately 50 percent of the time. 
Thus, the heating system input of approximately 84 percent of the design energy require-
ment was due to the combined effect of some room units operating continuously and 
others operating cyclically. Unless there is some knowledge of a sizable extraneous 
heat source, room units should be sized in accordance with the calculated heat loss for 
rooms. 
Heating System Energy Requirements - Seasonal. The seasonal heating system energy 
consumption for the heated-crawl-space series was estimated by using the curve derived 
for the average daily heating system energy input, along with U. S. Weather Bureau 
Data given for an average Champaign winter. Seasonal consumption was also estimated 
using the formula recommended by the ASHRAE and NEMA, which is given as follows: 
ESH = (HL} {DD} {C) (TD) (3414) 
Where ESH = Total seasonal heating system energy input in kwh 
HL = Design heat loss in Btuh 
DD = Annual degree days 
TD = The design temperature difference in degrees Fahrenheit 
c = Constant 
Assuming the first method of estimation to be correct, a "C-value" of 20.4 is re-
quired to satisfy the above equation after all other necessary substitutions are made. 
NEMA recommends a "C-value" of 15. 0 for a residence having the floor area and 
design temperature difference applicable to the Research Residence. The larger 
"C-value" obtained in this study was probably due, in part, to the higher infiltration 
the Residence experienced, as compared to other electrically heated residences. Also, 
the extraneous heat generated by the occupants of the Residence was probably less than 
that commonly experienced. 
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Control Temperature Droop 
Temperature droop, which is described in the ASHRAE Guide as a difference between 
the set temperature and the controlled temperature, is an inherent characteristic of 
thermostats equipped with anticipation. The function of anticipation is to artificially 
supply a small quantity of heat to the thermostat during the heating "on-cycle" in order 
to reduce temperature "over-shoot" in the room. As the outdoor temperature decreases, 
the "on-cycle" length and artificial heat input to the thermostat increase. Thus, a drop 
in outdoor temperature results in a drop of the controlled indoor temperature. From 
this it can be seen that the indoor temperature is not only a function of the thermostat 
setting but also the outdoor temperature. 
While line-voltage thermostats are not ordinarily provided with anticipation, heating 
generally occurs at the thermostat during the heating "on-cycle" due to the large cur-
rent being carried by the thermostat. Thus, the thermostat exhibits droop characteris-
tics, and the controlled indoor temperature for line-voltage thermostats is also a func-
tion of outdoor temperature. 
Statistical analyses were made for three series, series 3-LN, 3-LO, and 1-LO-IRT 
2, to determine the amount of temperature droop experienced with some of the different 
types of thermostats used during this investigation. When the low-density ceiling-panel 
system was controlled by a line-voltage thermostat provided with fixed anticipation 
(series 3-LN), the room-air temperature droop at the 60-inch level in the living room 
was 1. 01F for a 10F increase in indoor-outdoor temperature difference (Figure 9-7). 
When the same system was controlled by a low-voltage thermostat provided with fixed 
anticipation (series 3-LO), the 60-inch level air temperature droop in the living room 
was 0. 49F for a 10F increase in indoor-outdoor temperature difference (Figure 9-8). 
For a baseboard system controlled by a low-voltage thermostat provided with adjustable 
anticipation (series 1-LO-IRT 2), the 60-inch level air temperature droop in the living 
room was 0. 37F for a 10F increase in indoor-outdoor temperature difference (Figure 9-9). 
From this study it can be seen that the least amount of temperature droop was 
experienced with series 1- ID-IR T 2. Over the design operating range of 8 OF indoor-
outdoor temperature difference, the total droop for this series was 2. 96F (8 x 0. 37). 
Over the same range, the droops for5series 3-LO and 3-LN were 3. 92F, 8. 08F, 
respectively. In another publication , it is stated that a 3F to 4F droop over 80F 
indoor-outdoor temperature difference range is practical and acceptable. Thus, the two 
types of low-voltage thermostats studied during this investigation exhibited acceptable 
droop characteristics. 
Daily Average Relative Humidity 
Controlled mechanical humidification was not employed during either of the two heating 
seasons. However, a continuous record was made of the existing indoor relative 
humidity. These records were obtained from a calibrated thermohumidigraph located 
on the middle level of the Residence, and the plot shown in Figure 9-10 represents the 
daily average relative humidity taken from these charts for all the test series conducted 
during the 1963-64 heating season. 
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For a given indoor-outdoor temperature difference, the measured relative humidity 
within the Residence did not appear to be affected by the test series being conducted. 
However, it was found that the change Within the Residence lagged an outdoor temperature 
change by approximately 24 hours. This lag was primarily responsible for the scatter 
in the test points given in Figure 9-10. 
During the 1960-61 heating season, a heat-pump investigation was conducted in the 
Residence. With the exception of occupancy, the test conditions and procedures 
employed for that study were essentially the same as those employed for this study. 
At the time the heat pump study was conducted, the Residence was occupied by a 
family of four, who were given cooking and laundering privileges. This is in con-
trast to the average of two men who occupied the house during this investigation 
without cooking and laundering privileges. 
A plot of indoor humidity versu~ outdoor temperature obtained for the heat pump 
study appears in another publication . It is interesting to note that the relationship 
between indoor humidity and outdoor air temperature obtained for that study was 
essentially the same as that given in Figure 9-10. The fact that the humidity levels 
did not differ widely for the different types of house occupancy was probably due to 
the high infiltration rate of the Residence. That is, the infiltration rate of the 
Residence was sufficient enough to mask any differences in moisture liberation that 
may have existed between the two series. 
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APPENDIX. ANALYSES OF ENERGY REQUIREMENTS 
Total Energy Requirements - Daily 
Since the total energy requirements are related to the temperature difference which 
exists between the inside and outside of the house, the wind impingement on the house, 
and the solar energy received by the house, it was assumed that the total energy con-
sumption could be expressed in the following form: 
Where 
ET = B ~T + CW~T + D (Sol) (A-1) 
ET = Daily total energy requirements in kwh per day 
~ T = Indoor-outdoor temperature difference in degree F 
W = Wind speed in mph 
(Sol) = Solar energy received on a flat horizontal surface in 
Btu per square foot per day 
B, C, and D = Coefficients ofD. T, W~T, and (Sol) respectively, and are 
to be evaluated by the statistical analysis 
If the statistical analyses were performed and reported in the usual manner, 
equation (A-1) would contain an additional additive constant. However, it is reasonable 
to expect the total energy input to be zero where all the other variables are zero. 
Therefore, the data for each system studied were first analyzed to contain the additive 
constant and then analyzed so that it would be omitted. An analysis of variance was 
then performed on these analyses and revealed that the additive constant could be 
omitted for all systems studied. Thus, all the results for total energy consumption are 
given in this simplified form. 
For the baseboard system, system 1, the statistical analyses revealed that the 
total energy input could be expressed as: 
ET=4.37D.T (A-2) 
From equation (A-2), it can be seen that the total energy consumption was a function 
of~ T only. That is, the analyses revealed that the contribution of the other independent 
variables, wind and solar energy, were insignificant in establishing the total energy 
requirements. A plot of the total energy data for system 1 is given as a function of 
indoor-outdoor temperature difference in Figure A-1. 
The analyses for the high density panel system, system 2, revealed that the total 
energy consumption could be expressed in the following form. 
E = 4 53~T T • (A-3) 
Again it can be noted that the total energy consumption was not influenced by wind 
or solar energy. A plot of the total energy data for system 2 is given as a function of 
indoor-outdoor temperature difference in Figure A-2. 
A-1 
From equations (A-2) and (A-3) and Figures A-1 and A-2, it appears that total 
energy consumption for the high density panel system is 3. 7 percent higher than it is 
for the baseboard system, i.e. , 4. 53-4. 3 7 (1 00) = 3. 7. However, an analysis of variance 
4.37 
made on these two systems showed that the indicated difference was not statistically 
significant. Thus, the data for each of the systems were combined and the equation 
representing total energy consumption was determined. The resultant expression for 
the total energy input for the combined systems is given by equation (A-4). 
ET = 4. 53.6. T (A-4) 
A plot of the relationship expressed by equation (A-4) is given in Figure A-3. 
Since the data for system 1 and system 2 were collected during the 1962-63 heating 
season, equation (A-4) and Figure A-3 were taken to be representative of the total 
energy consumption for that season. See Table A-1 for a listing of the test series 
conducted during the 1962-63 heating season. 
The data for series 3-LO, 3-LN, and 1-LO-C were taken to represent the 1963-64 
data and were processed in order to fit them to an equation similar to equation (A-1). 
The data taken for series 1-LO-IRT 1 and 1-LO-IRT 2 were not used in the analyses 
because the non-uniform temperatures maintained within the house made it difficult to 
arrive at an indoor-outdoor temperature difference to be used. The results of the 
analyses revealed that there was no statistical difference between series 3-LO and 3-LN; 
however, series 1-LO-C was significantly different from these two. Since the crawl 
space was not heated during the 1962-63 heating season or for series 3- LO and 3- LN, 
series 3-LO and 3-LN were combined to represent the 1963-64 heating season. This 
made it possible to later compare the total house energy requirements for the two 
seasons on the basis of an unheated crawl space. 
The results obtained using series 3-LO and 3-LN as representative of the 1963-64 
heating season indicated the total energy input could be given in the following form: 
E = 3.43 .6,rl' + 0.103 W .6.T 
T 
(A-5) 
This indicates the total energy input was a function of both the indoor-outdoor 
temperature difference and the wind speed for the 1963-64 heating season. Solar 
energy made no significant contribution in establishing the daily total energy input. 
The data for series 3-LO and 3-LN (1963-64 heating season) are given in Figure A-4. 
In Figure A-4, the solid curve represents the mean curve for the data and was obtained 
by using equation (A-5) with a 10 mph wind. The upper and lower broken curves were 
also obtained by using equation (A-5 ). The upper curve was obtained for a 15 mph wind 
while the lower curve was obtained for no wind. It can be seen that the upper and lower 
curves form an envelope which contains the majority of the data points. 
On Figure A-4, the calculated design heat loss (neglecting the craw 1-space heat loss) 
is indicated at 80F indoor-outdoor temperature difference as 419.7 kwh. The upper 
broken curve passes through 3 98. 0 kwh at an 8 OF indoor-outdoor temperature 
difference. Thus, the total energy input required during severe weather was 5. 2 percent 
less than the calculated heat loss. 
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Table A-1 - Heating Test Series 
Series 
1-LO 
1-LN 
1-LO-F 
1-LN-F 
1-BB-F 
1-LO-C 
1-LO-IRT 1 
1-LO-IRT 2 
2-LO 
~-LO-F 
3-LO 
3-LN 
Season Conducted 
1962-63 
1962-63 
1962-63 
1962-63 
1962-63 
1963-64 
1963-64 
1963-64 
1962-63 
1962-63 
1963-64 
1963-64 
The results indicated by these analyses may at first appear to be at variance with 
current opinion, in that no solar effect is present. However, it must be remembered 
that these analyses of the total energy input were made for a 24-hour period. It is, 
therefore, quite likely that bright sunny days were coupled with clear nights, while . 
cloudy days were coupled with cloudy nights. Thus, the solar energy received during 
a bright sunny day was probably offset by the night radiant-energy loss. Later in the 
Appendix, it will be shown that the solar energy did have an effect on total energy 
consumed during the day light hours. 
During both the 1962-63 and 1963-64 heating seasons, the average wind speed 
encountered was approximately 10 mph. Thus, equations (A-4) and (A-5) can be com-
pared if equation (A-5) is expressed in terms of a 10 mph wind. For a 10 mph wind, 
equation (A-5) becomes: 
ET = 4.46~T (A-6) 
Equation (A-4) and equation (A-6) represent the mean curves for total energy input 
as a function of indoor-outdoor temperature difference for the 1962-63 and 1963-64 
heating seasons. The two seasons may be compared by comparing the coefficients of 
the indoor-outdoor temperature difference. Thus, the per cent differ ence in total energy 
input between the 1962-63 and 1963-64 heating seasons is: 
4.53-4.46 X 100= 1. 5% 4.53 
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Considering the many variables which exist, plus the accuracy with which the total 
energy input could be determined, it can be concluded that no difference in the total 
energy input existed between the 1962-63 and 1963-64 heating seasons or any of the 
basic systems studied. 
As noted previously, the statistical analyses which were made using the 1963-64 
data indicated that series 1-LO-C was statistically different from series 3-LO and 
3-LN. The equation for series 1-LO-C, which was determined by the analyses, is given 
as follows: 
E T = 3. 62 AT + 0. 13 0 W AT (A-7) 
In Figure A-5, a plot of the daily total energy input vs. indoor-outdoor temperature 
difference is given. Equation (A-7) was used to derive the solid curve at a 10 mph 
wind and the broken curves for zero and 15 mph winds. The calculated heat loss is 
also plotted at 8 OF indoor-outdoor temperature difference and 456.3 kwh. The upper 
broken curve passes through 445. 6 kwh at an 8 OF indoor-outdoor temperature difference. 
Thus, the total energy required during severe weather was approximately 2. 3 percent 
less than the calculated heat loss. This result, along with the result obtained for 
series 3-LO and 3-LN, would indicate that for severe weather conditions the total 
energy required was approximately 2 to 5 percent less than indicated by the calculated 
heat loss. 
A comparison can be made between the combination of series 3- LO and 3- LN and 
series 1-LO-C for a 10 mph wind. At 10 mph equation (A-5 becomes: 
ET = 4.46A T 
while equation (A-7) becomes: 
ET=4.92AT 
Thus, it can be seen that the total energy input for series 1-LO-C was 10.3% 
higher than it was for series 3-LO and series 3-LN. The resultant increase in total 
energy input of 10.3% does not seem unreasonable, since the 2-kw heater installed in 
the crawl space represented an increase in installed capacity of approximately 10. 3%. 
During the 1960-61 heating season, the heating season prior to the initiation of this 
project, several ducted warm-air systems were investigated in the Research Residence. 
A brief description of these systems is given in Chapter VIII. 
In a previous publication 6 , the daily total energy input was given as a function 
of indoor-outdoor temperature difference for three series of ducted systems. The 
crawl space was heated for all three series. Thus, the total energy input required for 
these series can be compared with the total energy input required for series 1-LO-C. 
At an indoor-outdoor temperature difference of 8 OF, the total energy input for the 
three series with ducted systems ranged from 334.5 kwh per day at low wind conditions 
to 448 . 1 kwh per day for high wind conditions. This is equivalent to an average consump-
t ion of 391 3 kwh per day. For series 1-LO-C the average consumption at an indoor-
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outdoor temperature difference of 80F and a wind speed of 10 mph was 393.6 kwh per 
day Thus, it can be seen that the average total energy input for the series conducted 
durin5 the 1960-61 heating season (391 . 3 kwh per day) and for series 1-LO-C (393. 6 
kw~ per day) are comparable. 
EPergy Requirements - Daylight Period 
In the previous discussion, the total energy input to the house was considered on a 
24-hour basis. Analyzing the total energy input in this manner revealed that the con-
ribution made by solar radiation was insignificant. In order to determine whether 
solar radiation had an influence on the total energy input luring the daylight hours, 
the data were re-analyzed for the period extending from 7:30a.m. to 9 :30p.m. C. S T. 
Complete sets of power, temperature, and weather data were taken daily at 7 :3 0 a. m. 
and 9:30p.m. After the total energy input was adjusted to correspond to a 24-hour test 
period, in order that a direct comparison could be made with the results obtained pre-
iously, these data were then processed in an attempt to express the total energy input 
In the form of equation (A-1). 
The equation obtained for the total energy input for the 14-hour test period (corrected 
to a 24-hour period) for se ries 1-LO-C is as follows: 
ET = 30.19 + 2. 80.6. T + 0. 138 W .6. T- 0. 009 (Sol) (A-8) 
The value of the mean solar radiation received during this test series was 975. 6 
Btuh per square foot per day, while the standard deviation of the mean solar radiation 
was 543.2 Btuh per square foot per day. A comparison can now be made between equation 
(A-7) and equation (A-8) to determine the effect that solar radiation had on the total 
energy input. At an average indoor-outdoor temperature difference of 40F and an average 
wind speed of 10 mph, the total energy input given by equation (A-7) is 196. 8 kwh. At 
the same conditions and no solar radiation, equation (A-8) yields an input of 197.4 kwh. 
Thus, based on equation (A-8), the percent deviation between these two calculated values 
for a condition of no solar radiation is 0. 3 0 percent. Using a mean value of solar radia-
tion equal to 975. 6 Btuh per square foot per day results in a total energy input of 188. 6 
kwh, or a decrease of 4 52 percent. At a value of solar radiation equal to the mean value 
plus one standard deviation (975 . 6 + 543.2 = 1518 . 8), the total energy input is 7. 04 per-
cent lower than the condition of no solar radiation. 
Heating System Energy Input - Daily 
The input to the heating system was also metered by watt-hour meters. Thus, it was 
possible to analyze the heat input to the heating system following the same procedure 
that was used to analyze the total energy input. The results of these analyses revealed 
that, for the combined series 3-LO and series 3-LN, the heating-system energy input 
was 13.7 percent less than the total energy input. For series 1-LO-C the heating-
system energy input was 10.6 percent less than the total energy input. 
A-10 
The difference between the heating-system energy input and the total energy input, 
coupled with the difference between the total energy input and the calculated energy 
requirements, indicate that the Residence could be heated with a heating system energy 
input approximately 16 percent less than the calculated design energy requirements. 
However, this should not be interpreted as meaning that the installed capacity in each 
room could be reduced by this percentage. In Figure A-6, a log of wind speed, outdoor 
dry-bulb temperature, 60-inch living room dry-bulb temperature, and the kilowatt 
input to the heating system are given over a pt:'riod approaching design conditions. The 
values plotted are average values obtained over a half-hour period. 
In Figure A-6, 48 consecutive hours of operation are shown for series 3- ID. The 
test day under consideration is included in the middle portion of the figure and extends 
from 8:00 a.m. of one day to 8:00 a.m. of the next. An additional 12-hour period was 
attached to either end of the day in order to present the pre- and post-test conditions. 
For the period shown in Figure A-6, the heating unit in the living room was in opera-
tion a large portion of the time. Operation in the living room was continuous from the 
start of the period (at 8:00p.m.) to 9:12a.m. of the test day. From 9:15a.m. to 3:00p.m. 
the unit cycled. Continuous operation was then resumed, and continued to 8:3 0 a.m. on 
the following day. During periods of continuous operation, the temperature in the living 
room was approximately 1. 5F below the control setting. With the exception of the family 
room and all the rooms on the upper level, the remainder of the rooms in the Residence 
also experienced long periods of continuous operation accompanied by reduced room 
temperatures. The northeast bedroom operated cyclicly with the on period equal to 
approximately 85 percent of the total period, while the family room and the remaining 
upper level rooms had on periods of approximately 50 percent. Thus, the heating system 
input of approximately 84 percent of the design energy requirements at design conditions 
was due to the combined effect of some room units operating continuously and others 
operating cyclic ly. 
In view of the above discussion, it would be inadvisable to reduce the required in-
stalled capacity in all rooms within the house. In some rooms, such as utility rooms, 
where a large source of heat supply may be present, it appears that a compensating 
reduction in installed heating capacity can be made. Also, it appears that a reduction 
in installed capacity may be made in upper-level rooms. The upper-level rooms are 
apparently carried to some degree by movement of warm air fr,pm the lower levels. 
This same effect has been noted in other multi-level research. 
Heating System Energy Requirements - Seasonal 
There are several methods available for estimating seasonal fuel consumption, with 
the calculated heat loss method and the degree-day method being the ~ost widely 
used. However, for electrically heated dwellings, the ASHRAE Guide recommended 
the use of a formula which is somewhat of a composite of these methods. The formula 
given for estimating seasonal fuel consumption in electrically heated homes can be 
given as follows: 
A-ll 
:!! 
2 
0 
I 
~ 
"'0 
~ 
15 1- -
1- -
0 
c 10 
-l 
0 
0 
0 5 :0 
-i 
1'11 
0 ~ 
:0 
0' 
~ -5 
1-
.!'.. = 1- ....... 
1- ll ~ L/ ' 
-
1- !'.. = 1- ~ r-.... 1- ~ -
1- /- ~ 
--/- ~ ~- ~ 1- ~ ~~ -1- -t: ~ --
- ~ -~ -
~ -10 = 
-
-
I ,_.. 
1:\:) 
~ :tsl· 00 ?1° 00000t=£ 00 -I- 0000001° 00Y§f00000§ 00:I••oo] 
.., 
:I: 20 
,.,., 
l> 
:::! 15 z 
G> 
en 
-< 10 en 
-i 
,.,., 
~ 5 
I 
~ 
~ 
1- -
1--
= 1-1-- -
1--
_.... _, .... ~ ~-~ .-.t-.... ----- -~A... 
-
-- ...... ~ f-.-= "ft --- ........... ........ ~ ~ ,.._... 
1- ~ ~ ......_ ~ -1--
= 
~ -
1-
= 1--1-
I 
-
I-I I I I I I I I I I I I I I I I I I I I I J I I I J I I I I I I I I I -
8PM 12M 4 8 12 N 4 8 12M 4 8 12N 4 8PM 
DESIGN DAY----------~ 
Figure A-6 OPERATION LOG OF A DESIGN DAY 
ESH = {HL} {DD} {C) (TD) (3414) (A-9) 
Where ESH = Total seasonal heating system energy input in kwh 
HL = Design heat loss in Btuh 
DD = Annual degree days 
TD = The design temperature difference in degrees Fahrenheit 
c = Constant, whose suggested value is 15. 0 
For series 1-LO-C, the crawl space was heated and the design heat loss of the 
Residence at an 80F indoor-outdoor temperature difference was 64,915 Btuh. If a 
value of 6, 000 is used for the annual degree days and 24 for the constant (the value of 
the constant will be discussed in greater detail later in this section), the total seasonal 
heating system energy input given by equation (A-9) is 34,226 kwh. 
A statistical analysis was made of the daily average heating system energy input 
for series 1-LO-C. The results of this analysis indicated that the daily average heating 
system energy input for this series could be expressed as follows: 
Where 
= 3.30~T + 0. 094 W ~T (A-10) 
= Daily average heating system energy input in 
kwh per day 
The average wind speed encountered during this test series was approximately 
10 mph. Thus, if 10 mph is used in equation (A-10), the daily average heating system 
energy input can be given in terms of the indoor-outdoor temperature difference as 
follows: 
= 4.24~ T (A-ll) 
Using equation (A-11), along with data provided by the U.S. Weather Bureau Station 
at the University of Illinois, it was possible to estimate the seasonal consumption for 
series 1-LO-C. In the first two columns of Table A-2, the weather bureau data are 
given. These data include a range of outdoor temperatures, along with their frequency 
per season. The third column was obtained using the first two columns, equation (A-11), 
and an indoor temperature of 7 OF. 
From Table A-2 it can be seen that the estimated seasonal consumption is approxi-
mately 29, 000 kwh. The value obtained using equation (A-9) with a "C-value" of 24 is 
18. 0 percent greater than this value. Thus, if it is assumed that the seasonal fuel 
consumption of 29, 000 kwh is correct, the "C-value" to be used with equation (A-9) is 
20.4 If all the other values of equation (A-9) were known precisely, the logical value 
of C would be 24. However, experience in a great number of electric heating installa-
tions has resulted in NE MA recommending a "C-value" of 15. 0 for a residence having 
the floor area and design temperature difference that the Research Residence had. It 
is generally felt that the reduction of the "C-value" from 24 is the result of reduced 
infiltration in electrically heated homes, i.e. , the value of the calculated heat loss due 
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to infiltration is greater than that actually experienced. As discussed previously, the 
infiltration rate of the Residence was greater than calculated. This greater infiltration 
rate was probably responsible, in part, for the "C-value" that was obtained. Another 
contributing factor was the type of occupancy of the Residence. The Residence was 
generally occupied by only two people, and no cooking or laundering was done within the 
Residence. 
The data collected during this investigation also made it possible to compare the 
value of the theoretical unit heating-system energy input with the value obtained by the 
test. The unit heating-system energy input can be defined as the heating system energy 
input per degree-day per 1, 000 Btuh design heat loss, and is a quantity comparable to 
the unit fuel consumption used in association with gas, oil, and coal. Thus, the estimated 
seasonal fuel consumption for an electrically heated dwelling can be given by the follow-
ing equation, which is similar to the equation used in the degree-day method. 
ESH = (U) (HL) (DD) (A-12) 
Assuming an efficiency of 100 percent, an outdoor design condition of -1 OF, and an 
indoor temperature of 7 OF, the unit heating-system energy input for electrical heating 
installations is 0. 09373 kwh per degree-day per 1, 000 Btuh design heat loss. Substituting 
values of 0. 09373, 64.915, and 6, 000 into equation (A-12) for U, HL, and DD respectively, 
results in an estimated total seasonal heating system energy input of 36,507 kwh. This 
value is 25.9 percent greater than the 29, 000 kwh assumed to be the actual established 
seasonal heating system energy input. Thus, this method exhibits poorer agreement 
with the established total seasonal heating system energy input than the method proposed 
by equation (A-9). 
The daily heating system energy inputs for series 3-LO, 3-LN, and 1-LO-C were 
transformed into unit heating-system energy inputs. A plot of the unit heating-system 
energy input vs. the average indoor-outdoor temperature difference is given in Figure 
A-7. It can be seen that a hyperbolic curve has been drawn through the data points. 
The curve was established statistically and is given by the equation (A-13 ). 
Where 
U = 1. 997 ( .6. T)-. 836 (A-13) 
U = Unit heating-system energy input expressed as kilowatt-hours 
per degree-day per thousand Btuh calculated heat loss 
From Figure A-7 it can be seen that for indoor-outdoor temperature differences 
greater than approximately 40F, the value of unit heating system energy input is less 
than the theoretical value of 0. 09373 kwh per daily degree-day per thousand Btuh calculated 
heat loss. The fact that the actual unit heating-system energy input is less than the 
theoretical over much of the indoor-outdoor temperature difference range is a further 
indication that the calculated heat loss is greater than the required heating system energy 
input. However, due to the variability of U with respect to .6. T, it is impossible to 
explicitly specify the reduction in the actual heating-system energy input required. 
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Table A-2 -- Seasonal Fuel Consumption- Series 1-LO-C 
(Based on records of the U. S. Weather Bureau Station at the University of Illinois. 
Includes months of January, February, March, April, May, September, October, 
November, December from September 1936 to May 1941). 
Average Average 
Outdoor No. Days Kwh 
Temp. F Per Year Per Season 
-10 to - 5 0.2 65.72 
- 5 to 0 0.4 122.96 
Oto 5 0.8 228.96 
5 to 10 2.2 583.00 
10 to 15 4.6 1121.48 
15 to 20 7.6 1691. 76 
20 to 25 13.6 2739. 04 
25 to 30 25.4 4577. 08 
30 to 35 33.8 5374.20 
35 to 40 30. 0 4134. 00 
40 to 45 23.4 2728.44 
45 to 50 22.6 2156. 04 
50 to 55 20.8 1543.36 
55 to 60 19.8 1049.40 
60 to 65 22.0 699.60 
65 to 70 19.0 201.40 
70 to 75 13.6 0.00 
Seasonal Totals 259.8 29,016.44 
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